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REMARKS/ARGUMENTS 

STATUS OF THE CLAIMS 

Claims 1-35, 37-29, 41-43, 45-49, 51, and 53-55 are currently pending in the 

application (claims 1-34, 38, 45-48, and 53-55 being withdrawn from consideration). Claims 35, 37, 
39, 41-43, 49, and 51 are rejected in the current Office Action as allegedly obvious under 35 U.S.C. 
§103(a) in view of Salinas (In abstracts, 21 st Annual Meeting of the Society of Environmental 
toxicology and Chemistry, Nashville, TN) in view of Ward et al (USPN 4,185,097) and Anderson et 
al (USPN 6,063,773) as well as obvious in view of combination of compositions under M.P.E.P. 
§2144.06. For the reasons explained below, Applicants respectfully traverse. 

REJECTIONS TO THE CLAIMS 

35 U.S.C. §103(a). 

Claims 35, 37, 39, 41-43, 49, and 51 are rejected in the current Office Action as 
allegedly obvious under 35 U.S.C. §103 (a) in view of Salinas (In abstracts, 21 st Annual Meeting of 
the Society of Environmental toxicology and Chemistry, Nashville, TN "Identification of cell 
surface domains for lignosulfonic acids derived from pulp mull effluent," Nov 2000) in view of 
Ward et al (USPN 4,185,097) and Anderson et al (USPN 6,063,773). The combination of 103(a) 
references (and the Ward reference) were newly cited in the Final Office Action, thus, the arguments 
presented herein against such are new arguments for patentabilty of the invention. Applicants 
respectfully traverse. 

In summary, Applicants submit that the Office Action has not established prima facie 
obviousness because the record fails to provide all the elements necessary. 

Prima facie obviousness from combined references requires that the combination of 
the cited art, taken with general knowledge in the field, must supply all of the elements of the 
claimed invention. M.P.E.P. §2143.03. Additionally, there must be a motivation to modify the 
reference(s) or combine the teachings to produce the claimed invention. M.P.E.P. §2143.01 and In 
re Geiger, 815 2 USPQ2d 1276, 1278 (Fed. Cir. 1987). Furthermore, there must be a reasonable 
expectation of success. M.P.E.P. §2143.02 and In re Vaeck, 20 USPQ2d 1438 (Fed. Cir. 1991), 
citing In re Dow Chemical Co,, 5 USPQ2d 1529, 1531 (Fed Cir. 1988). The required teaching or 
suggestion to combine the references, and the expectation of success, must both be found in the prior 
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art and not based upon the disclosure of the Applicants. M.P.E.P. §2142. Again, Applicants 
respectfully point out that these requirements have not been met for a prima facie showing of 
obviousness for combination of the cited references. 

The Office Action alleges that Salinas teaches "that breakdown products from lignin, 
specifically lignosulfonic acid (LSA), inhibit fertilization by binding to sperm domain head" and that 
Ward teaches that "lignosulfonate (LSA) is useful for combating Herpes simplex virus in animals." 
The Office Action also states that Anderson teaches that "known spermicide, nonoxynol-9, is known 
to be useful in a pharmaceutical composition for contraception or inhibiting fertilization" as well as 
that "suitable carriers and diluents may be combined with nonoxynol-9" and that "AIDS . . . presents 
a serious health risk" such that it is "important to develop a method, which provides protection 
against infectious microbes and unwanted pregnancy." 

The Office Action agrees that Salinas, Ward, and Anderson do not disclose 

compositions comprising LSA, spermicide, and sperm from mammals, but argues that "[i]t would 

have been prima facie obvious to a person of ordinary skill in the art ... to combine [them]." The 

Office Action describes the necessary motivation to combine the elements as arising because 

both Salinas. . .and Anderson. . .teach the inhibition of fertilization 
of LSA and nonoxynol-9. . .and both Salinas. . .and Ward. . .teach that 
LSA combats sexually transmitted diseases such as HIV and herpes 
The Office Action summarizes by stating that 

[i]t would be obvious to administer this contraceptive composition, 
comprising LSA and nonoxynol-9, to the sperm of mammals because 
of the reasonable expectancy of successfully inhibiting fertilization 
and protecting against sexually transmitted diseases. 
Before examining the elements of prima facie obviousness, Applicants point out that 

the teaching of Salinas is actually narrower than that put forth by the Office Action. Salinas may 

teach inhibition of fertilization by LSA by binding to sperm heads, but only for sea urchins. As 

explained further below, such limited teaching from the wording of Salinas is especially important in 

relation to the differences that exist between mammalian and sea urchin sperm, sperm development, 

and fertilization processes. The actual teaching of Salinas (i.e., inhibition of fertilization for sea 

urchin by LSA binding to the sperm head) would lead those of skill in the art to not be motivated to 

combine Salinas with the other references in compositions comprising mammalian sperm or for use 

in mammalian systems. Additionally, there would be little expectation of success in such 
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combination, because as detailed below, the differences in mammalian and sea urchin sperm would 
not give a reasonable expectation of success to those of skill in the art. 

Lack of Motivation to Combine/Expectation of Success 

The Office Action alleges that the combination of the cited references presents prima 
facie obviousness. However, even assuming, arguendo, that all elements of the current claims are 
present in the combination of references, a motivation to combine the references and expectation of 
success in doing so are lacking. 

Again, the Office Action presents the motivation to combine the references as arising 
because both LSA and nonoxynol-9 teach "the inhibition of fertilization" and LS A combats sexually 
transmitted diseases such as HIV and herpes. Additionally, the Office Action presents the purported 
expectation of success in inhibiting fertilization and protecting against sexually transmitted diseases. 

Numerous factors argue against combining the cited references. For example, the 
references are based on different species (i.e., Salinas utilizes sea urchin sperm in its inhibition of 
fertilization), while Ward and Anderson are drawn to mammalian systems. Such differentiation is 
important for several reasons. Importantly, sea urchin and mammalian sperm are strikingly different 
in their composition and in their maturation. Such differences would lead those of skill in the art to 
not be motivated to try, and to not reasonably expect success in transferring, what might work with 
sea urchin inhibition to a mammalian usage. 

Sea urchin and mammalian sperm exist in different environments, thus necessitating 
differences in their composition, life cycle, etc. Different pH levels, as well as different 
temperatures, salt concentrations, time existing before fertilization, and egg morphologies that they 
must interact with, etc. are just a few of the different environmental conditions faced by sea urchin 
and mammalian sperm. 

For example, Figure 1 in Mengerink, et al. (Glycobiology, 2001, 1 1(4):37-43) 
compares the different egg morphologies/structures that mammalian and echinoderms must face. It 
will be noted that mammalian eggs comprise a thick glycoprotein layer (zona pellucida) while 
echinoderms do not. Those of skill in the art will be quite familiar with many additional differences 
in environment between sea urchin and human sperm and the corresponding differences in sperm 
morphology and function arising from such. 
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It will be appreciated that Applicants are not arguing that such different 
environmental conditions, etc. themselves necessarily lead to lack of motivation/expectation of 
success, but rather that such differing conditions necessitate differences in structure between sea 
urchin and mammal sperm such that what might work for inhibition of fertilization for one would 
not reasonably be expected to work for the other (or even to motivate those of skill to attempt such). 

One of the most important differences between sea urchin and mammalian sperm that 
shows a lack of motivation to combine and lack of expectation of success in combining is 
capacitation. Capacitation, which has been recognized for more than 50 years, is the process of 
physiological/functional changes that mammalian sperm undergo to become competent to fertilize. 

Unlike lower animals, ejaculated sperm from mammals has to undergo capacitation in 

order to become capable of fertilization. 

[A]fter sperm are ejaculated into the female reproductive tract, 
they must reside there for a period of time before they are capable 
of fertilization, a process termed capacitation.. . [C]apacitation 
involves reversal of the plasma membrane stabilization that took 
place in the epididymis, allowing the acrosome reaction to occur 
in response to a physiologically appropriate stimulus... A variety 
of physiological changes take place in sperm during capacitation, 
including membrane lipid bilayer modulation, increased protein 
phosphorylation, intracellular ion fluctuations, and loss of surface 
coats. Removal or loss of sperm surface components is thought to 
be an important part of the capacitation process. 
See Yudin, et al, 2003, Biol. OfRepro. 69:1118-1128, emphasis added. 

[A] major event in capacitation is believed to be the removal or 
alteration of a stabilizer or protective coat from the sperm plasma 
membrane, which sensitizes the membrane to the specific milieu of 
fertilization and, more importantly, to the target of spermatozoa - the 
eggs. 

See "The Physiology of Reproduction, 2 nd Edition" edited by E. Knobil and J.D. Neil, Raven Press, 
Ltd, NY 1994, chapter 5 page 194, emphasis added. Knobil also states that "[r]emoval or alteration 
of coating material from the sperm surface constitutes an important part of capacitation." Knobil at 
203. Additionally, it was subsequently shown that LSA exerts its effects on sea urchin sperm by 
binding to specific surface proteins that are not even present on mammalian sperm. See, Salinas, 
E.R., 2004, "THE EFFECTS OF LIGNOSULFONIC ACID ON FERTILIZATION EVENTS OF 
THE SEA URCHIN, STRONGYLOCENTROTUS PURPURATUS" University of California, Davis 
(especially Chapter 3). 



Page 5 of 9 



Application No.: 10/076,902 
Amdt. Dated October 16, 2006 

As indicated in Salinas, the LSA binds to the sperm head in sea urchins. With that 
teaching, along with the general knowledge in the art that mammalian sperm undergo 
removal/alteration of their surface coats during capacitation, there would be no 
motivation/expectation of success to use LSA with mammalian sperm or in compositions to inhibit 
mammalian fertilization. Since mammalian sperm undergo capacitation wherein the surface of the 
sperm is removed/altered, those of skill in the art would expect that the LSA bound to the sperm 
head (as was seen in with sea urchins) would likely be removed or altered as well. Thus, there 
would be no reasonable expectation of success. 

Therefore, the Office Action has not established prima facie obviousness. Even 
assuming, arguendo, that the combined references managed to teach all of the present claim 
elements, there is no motivation to combine the references nor expectation of success in doing so, to 
successfully inhibit fertilization, etc. Applicants respectfully request that the rejection be withdrawn. 

MPEP §2144.06. 

The claims are also rejected in the current Office Action as allegedly obvious under 
MPEP §2144.06 in regard to Salinas (In abstracts, 21 st Annual Meeting of the Society of 
Environmental toxicology and Chemistry, Nashville, TN "Identification of cell surface domains for 
lignosulfonic acids derived from pulp mull effluent," Nov 2000) in view of Ward et al (USPN 
4,185,097) and Anderson et al (USPN 6,063,773). Applicants respectfully traverse. 

In brief, the Office Action has not established prima facie obviousness under MPEP 
§2144.06 because the record fails to provide the necessary elements. 

MPEP §2144.06 quotes from In re Kerkhoven in setting forth the guidelines for 
establishing prima facie obviousness based on combining equivalents "known for the same 
purpose." 

It is prima facie obvious to combine two compositions each 
of which is taught by the prior art to be useful for the same 
purpose, in order to form a third composition to be used for 
the very same purpose.... [T] he idea of combining them flows 
logically from their having been individually taught in the prior art. 
Thus, in order to have prima facie obviousness, the prior art compositions, as well as 

the resulting third composition, must have been useful for the same purpose. Kerkhoven based its 

rejections upon combination of two conventional spray-dried detergents. Kerkhoven at 1072. The 
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court held that both components were detergents that were used for the very same purpose, i.e., they 
were dry, free-flowing detergents. 

To try to establish prima facie obviousness under the logic of Kerkhoven, the Office 

Action alleges that 

[a] person of ordinary skill in the art would recognize both LSA 
and nonoxynol-9 as compounds that inhibit fertilization. Although 
the mechanism at which to arrive at the end result may vary, ultimately 
inhibition of fertilization will occur. Office Action at 4-5. 
However, Applicants re-emphasize that the Office Action has mischaracterized the 

purposes of the elements (namely the lignosulfonate or lignosulfonic acid and the spermicide). In 

other words, Applicants submit that the lignosulfonate or lignosulfonic acid and the spermicide are 

not "compositions known useful for the same purpose [. . .] form[ing] a third composition to be used 

for the very same purpose." The Office Action roughly lumps both LSA and spermicides together as 

being known to be useful in a composition for inhibiting fertilization. However, such 

characterization is too broad. 

As shown above, the teaching of Salinas is actually narrower than "inhibiting 
fertilization." The teaching of Salinas is inhibiting fertilization of sea urchins by binding to sperm 
head (quite different from the spermicide). As explained above, since sperm maturation is so 
different between mammals and sea urchins, it would be improper to overly generalize the purpose 
of LSA taught in Salinas. Thus, the purposes taught by LSA and spermicide (e.g., nonoxynol-9) are 
not the same. Additionally, lignosulfonate/lignosulfonic acid (LSA), etc., is not a spermicide; rather, 
it, e.g., inhibits acrosome reaction of sperm. The specification emphasizes that the LSA herein does 
not act as a spermicide (i.e., does not kill or immobilize sperm as used herein). See, e.g., paragraphs 
42, 50 (which states that the "compounds. . . can allow the sperm to remain mobile while preventing 
or inhibiting fertilization of the oocyte by the treated sperm"), etc. In marked contrast, a spermicide 
such as nonoxynol-9 kills or immobilizes sperm. Unlike LSA, the spermicide, e.g., nonoxynol-9, is 
actually cytotoxic to a number of cells in addition to sperm. 

Thus, it can be seen that the two components are not useful for the very same 
purpose, which is required in order to create prima facie obviousness by combining equivalents. 

The Office Action overly generalizes the uses/purposes of the compositions by setting 
the definition of "purpose" so far out from the actual intended uses/purposes of the compositions that 
the categorization is meaningless. Roughly defining the use/purpose of each of the compositions to 
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be "inhibiting fertilization," is too broad. Since the LSA and the spermicide serve different 
purposes/uses, as noted above, prima facie obviousness cannot be established and Applicants 
respectfully request that the rejection be withdrawn. 

Similar examples of "purposes" that were defined too broadly in a Kerkhoven 
analysis can be found in the opinions from the USPTO Board of Patent Appeals. For example, Ex 
parte YujiNoguchi, Yao-Tseng Chen, and Lloyd J. Old (Appeal No. 1999-1422) illustrates an 
analogous situation. In Yoguchi, the claimed invention was directed to a composition stated to be 
"useful in provoking an immune response." The composition comprised an immunogenic p53- 
derived protein, an adjuvant, and interleukin-12. The examiner in the prosecution broadly 
characterized the purposes of such components as those having "immunogenic effects which make 
them useful for treatment of various types of tumors and/or cancer." 

The Board reversed, noting that the components "generate their respective effects in 
substantially different manners." The Board also noted that "[e]ven given that these effects may 
both be classified as immunogenic effects, does not demonstrate that the prior art would regard [the 
components] as both useful for the same purpose and in the same manner." The Board found 
"nothing of record, [or] facts or evidence, which would suggest that these two diverse treatments 
would be useful in combination." 

Yet another example from the USPTO Board of Patent Appeals (Ex parte Vila S. 
Weis-Fogh, Appeal No. 1997-0875) involves a composition for promoting tissue repair. The 
composition comprised "tissue repair promoting substances isolated from plasma and tissue repair 
promoting substances isolated from platelets." In the prosecution, the examiner stated that "each of 
[the components] is taught by the prior art to be useful for the same purpose, i.e., wound healing and 
tissue repair." However, the Board held, inter alia, that "while the components of the prior art may 
superficially appear 'to be used for the exact same purpose' in the art of wound healing and tissue 
repair, a more careful scrutiny of the prior art fairly suggests otherwise." While the Board also 
considered motivation to combine, it stated that certain of the "compositions ... are formulated to 
form fibrin at a predetermined later time in response to addition of thrombin and calcium ions, while 
the [other] compositions ... are aimed (a) at induction of plasminogen activators, loss of anchorage 
dependence, mitogenesis; (b) re-epitheliazation, fibroplasia, granulation tissue deposition, 
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vascularization, new host collagen synthesis; (c) and fibroblast chemotaxis upon application," and 
reversed. 

Additionally, even if, arguendo, the LSA and spermicide of the present application 
were serving the very same purpose, they would still act in different manners and thus would not be 
per se obvious. Similar results are found in Ex parte Wallace Rogozinski (Appeal No. 2002-0663). 
In Rogozinski, the Board held that even though components of deodorant compositions "are useful 
for the same purpose (as deodorants), they are based on different formulations." Such analysis 
would be comparable to the current application wherein LSA and spermicide act through different 
mechanisms. The Board in Rogozinski further stated that "it is impermissible within the framework 
of section 103 to pick and choose from any one reference only so much of it as will support a given 
position to the exclusion of other parts necessary to the full appreciation of what such reference 
fairly suggests to one skilled in the art." Similar to such, the teachings of Salinas and the general 
knowledge in the art concerning the large differences between sea urchin and mammalian sperm 
(especially in regard to capacitation) would argue against combination. See above. 

The Office Action has not established prima facie obviousness under In re 
Kerkhoven. LSA and spermicide {e.g., nonoxynol-9) are not compositions known for the very same 
purpose. Even assuming, arguendo, that the compositions were known for the very same purpose, 
the analogous application in Rogozinski indicates that per se obviousness does not exist since the 
compositions act through different mechanisms. Therefore, Applicants respectfully request that the 
rejection be withdrawn. 

CONCLUSION 

In view of the foregoing, Applicants believe all claims now pending in this 
application are in condition for allowance. The issuance of a formal Notice of Allowance at an early 
date is respectfully requested. If a telephone conference would expedite prosecution of this 
application, the Examiner is invited to telephone the undersigned at (510) 769-3507. 

Quine Intellectual Property Law 
Group, P.C. 
P.O. BOX 458 
Alameda, CA 94501 
Tel: 510 337-7871 
Fax: 510 337-7877 
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The process of fertilization begins when sperm contact the 
outermost egg investment and ends with fusion of the two 
haploid pronuclei in the egg cytoplasm. Many steps in ferti- 
lization involve carbohydrate-based molecular recognition 
between sperm and egg. Although there is conservation of 
gamete recognition molecules within vertebrates, their 
homologues have not yet been discovered in echinoderms 
and ascidians (the invertebrate deuterostomes). In echino- 
derms, long sulfated polysaccharides act as ligands for 
sperm receptors. Ascidians employ egg coat glycosides that 
are recognized by sperm surface glycosidases. Vertebrate 
egg coats contain zona pellucida (ZP) family glycoproteins, 
whose carbohydrates bind to sperm receptors. Several 
candidate sperm receptors for vertebrate ZP proteins have 
been identified and are discussed here. This brief review 
focuses on new information concerning fertilization in 
deuterostomes (the phylogenetic group including echino- 
derms, ascidians, and vertebrates) and highlights protein- 
carbohydrate interactions involved in this process. 

Key words: acrosome reaction/fertilization/protein-carbohydrate 
recognition/sperm-egg interaction/zona pellucida 



Introduction 

Fertilization is a multistep process and a unique event that 
involves fusion of two haploid gametes to form a diploid 
zygote. Sperm must locate, adhere to, and fuse with the egg. 
The egg must prevent further sperm fusion to avoid patho- 
logical polyspermy, a lethal condition. Eggs are surrounded by 
an extracellular matrix, which varies in composition among 
animal groups (Figure 1). When sperm contact this matrix, 
there are primary binding events that, in most deuterostomes, 
lead to the sperm acrosome reaction (AR). The AR is triggered 
by increases in intracellular Ca 2+ and pH (Darszon et ai, 1999) 
and results in exocytosis of the acrosomal vesicle (an organelle 
in the sperm head). Following the AR, secondary binding 
events occur, and the membrane exposed by the AR fuses with 
the egg plasma membrane. Protein-carbohydrate interactions 



play a critical role in this complex process. Because there is 
such a vast literature, this brief review will focus only on 
deuterostome sperm-egg recognition events that involve 
carbohydrate-protein interactions. 

Nonvertebrate deuterostomes 

Echinoderms 

Echinoderms are marine invertebrates found at the base of the 
deuterostome lineage. Because they spawn large quantities of 
gametes into sea water, they make excellent model organisms 
for studying molecular events involved in sperm-egg interaction. 

Sea urchins In sea urchins, protein-carbohydrate interactions 
take place both at the egg jelly and the vitelline layers. Sperm 
first contact the egg jelly layer. A 210-kDa multidomain 




Mamma! 



Fig. 1. A diagram showing the various types of extracellular matrices 
surrounding deuterostome eggs. The ascidian extracellular matrix is composed 
of follicle cells (FC), a vitelline coat (VC), and a perivitelline space containing 
test cells (TC). The echinoderm has egg jelly (EJ) and a vitelline layer (VL). 
The mammalian extracellular matrix contains a cumulus matrix (CM) including 
cumulus cells and a zona pellucida (ZP). The teleost extracellular matrix has a 
dilute mucous area (DMA) and a thick chorion that has a hole through it called 
the micropyle. Amphibians have an EJ and VC. 
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receptor for egg jelly (REJ) on sperm (Moy et al, 1996) binds 
to the fucose sulfate polymer (FSP) of egg jelly triggering the 
AR (Vacquier and Moy, 1997). Females of Strongylocentrotus 
purpuratus have one of two forms of FSP that are equally 
potent at AR induction. These FSPs are linear polysaccharides 
of l->3-linked a-L-fucopyranosyl units that differ in their 
sulfation pattern at the C-2 and C-4 positions (Alves et al % 
1998). REJ contains two C-type lectin domains (CRDs, 
reviewed by Drickamer, 1988; Moy etal, 1996), and it may be 
that each of the two CRDs of REJ binds to each of the forms of 
FSP. The structures of sulfated polysaccharides from the egg 
jelly of other sea urchin species have been determined and are 
species-specific inducers of the AR. Like S. purpuratus, the 
species Strongylocentrotus franc iscanus, Arbacia lixula, and 
Lytechinus variegatus contain sulfated oc-L-fucans, and the 
sulfated polysaccharide of Echinometra lucunter is a homo- 
polymer of 2-sulfated, 3-linked a-L-galactan (Alves et al, 
1997; Vilela-Silva et al, 1999). These polysaccharides are AR 
inducers in the complete absence of a polypeptide. 

Following the initial egg jelly-sperm interaction, the AR 
expels the protein bindin from the acrosomal vesicle. Bindin 
coats the sperm acrosomal process, mediates sperm adhesion 
to eggs, and may mediate sperm-egg fusion (Vacquier et al, 
1995). A 350-kDa glycoprotein receptor for bindin was identi- 
fied from the vitelline layer of sea urchin eggs (reviewed by 
Ohlendieck and Lennarz, 1995). The N-terminus of the protein 
has a relatively high content of Cys and Pro residues and 
contains 17 potential O-linked and 5 potential N-linked glyco- 
sylation sites (Just and Lennarz, 1997). The receptor is 70% 
carbohydrate (Kitazume-Kawaguchi et al, 1997), and both 
carbohydrate moieties and the protein backbone are needed for 
sperm-egg binding. O-linked, sulfated oligosialylated chains, 
isolated from the 350-kDa receptor, inhibit fertilization by 
binding to acrosome-reacted sperm (Dhume and Lennarz, 
1995; Kitazume-Kawaguchi et al, 1997). Furthermore, bindin 
binds to sulfated fucose polymers from the egg surface 
(DeAngelis and Glabe, 1990). However, the function of the 
polypeptide chain has been questioned because of its similarity 
to heat shock protein 1 10 (Mauk et al, 1997). 

Starfish There are three major components of starfish (Asteria 
amurensis) egg jelly — glycoproteins, sulfated steroid saponins, 
and oligopeptides. The AR-inducing substance (ARIS), is an 
enormous molecule composed of approximately 33% protein, 
47% carbohydrate, and 10% sulfate. ARIS has a molecular 
mass of >10 4 kDa, but the minimum functional size is -14 kDa 
(Ushiyama etal, 1995). Isolated ARIS is capable of inducing 
the AR in high Ca 2+ or high pH sea water. However, in normal 
sea water, ARIS requires the sulfated steroid saponins (Co-ARIS) 
to induce the AR (Hoshi etal, 1991). The structure of the main 
saccharide chain has been determined to be a repeat of the 
pentasaccharide, ->4-P-D-Xyl-l->3-a-D-Gal-l-»3-ot-L-Fuc- 
4(S0 3 -)-l^3-a-L-Fuc4(S0 3 -)-1^4-a-L-Fuc-l-^. Like ARIS 
alone, isolated polymers composed of 10-11 pentasaccharide 
repeating units induce the acrosome reaction at high Ca 2+ 
concentrations (Koyota et al, 1997). Thus, sperm-egg recog- 
nition and induction of the AR in both sea urchins and starfish 
involves large sulfated polysaccharides. It will be interesting to 
learn if the starfish sperm receptor for the pentasaccharide 
repeat is similar to the sea urchin sperm receptor REJ. 



Ascidians 

Glycosidases are enzymes that are typically secreted or stored 
in lysosomes. In ascidians (sessile marine invertebrates), 
glycosidases are found on the surface of sperm, and they play 
a critical role in sperm-egg recognition. Based on studies of 
Ciona intestinalis and Phallusia mammillata (Hoshi et al, 
1983, 1985), a glycosidase on the surface of sperm was 
proposed to recognize and bind to glycosides within the vitel- 
line coat (VC) of the egg. In the case of C. intestinalis, the 
sperm glycosidase, oc-L-fucosidase, binds to terminal L-fucose 
residues of the VC. For P. mammillata, N-acetylglucos- 
aminidase recognizes terminal GlcNAc. The enzymes are 
thought to act as lectins because their pH optima (-3.9) is well 
below that of sea water (pH 8) and the rate of hydrolysis is 
drastically reduced. Examination of glycans present in the 
vitelline coat of Halocynthia roretzi eggs, where sperm-egg 
binding is mediated through a-L-fucosidase on the sperm 
surface, indicates that the crucial glycans are O-linked and 
sulfated (Baginski et al, 1999). Not only do glycosidases 
occur on the surfaces of sperm, they are also released from the 
eggs at fertilization as a block to polyspermy (Lambert, 1986, 
1989; Matsuura etal, 1993, 1995). The evidence suggests that 
a specific glycosidase on the sperm surface binds to its 
respective glycoside on the egg VC. This binding triggers eggs 
to release large quantities of a similar glycosidase, which 
prevents the binding of supernumerary sperm. 

Carbohydrates also play a role in ascidian sperm-egg inter- 
actions at the egg plasma membrane. When vitelline envelopes 
are removed from the eggs of Ascidia ceratodes, application of 
wheat germ agglutinin (WGA; >10 \xglm\) will biochemically 
activate the eggs, as if they had been fertilized. Lower concen- 
trations of WGA do not activate eggs but reduce the ability of 
sperm to fertilize eggs (Flannery and Epel, 1998). 



Vertebrates 

The extracellular matrices surrounding eggs of vertebrates 
vary between phylogenetic groups. However, they all contain 
members of the ZP glycoprotein family in their egg coats 
(called the zona pellucida [ZP] in mammals, the vitelline envelope 
[VE] in amphibians, and the chorion in teleost fish). No such 
ZP proteins have yet been described in nonvertebrate deutero- 
stome or protostome egg envelopes. Recent reviews have 
appeared on the molecular basis of sperm-egg interactions in 
mammals (Brewis and Moore, 1997; Shalgi and Raz, 1997; 
Dell et al, 1999; Takasaki et al, 1999; Wassarman, 1999a,b; 
Evans, 2000; Prasad et al, 2000). Therefore, only the most 
recent findings regarding the role of carbohydrates in sperm- 
egg interaction will be mentioned. Because most of the work 
on ZP proteins concerns the mouse, this portion of the review will 
focus on the mouse model and include additional information 
from other vertebrates. 

Glycoproteins of the ZP 

ZP3 The mouse ZP is composed of three glycoproteins, mZPl , 
mZP2, and mZP3 (also called ZPB, ZPA, and ZPC), that are 
crucial for its structural integrity. mZP2 and mZP3 dimerize to 
create long filaments that are cross-linked by mZPl. In 
addition to being structural components, ZP glycoproteins bind 
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to sperm receptors, causing them to cluster and induce signal 
transduction events leading to the sperm AR. O-linked 
oligosaccharides of mZP3 are the ligands for sperm that are 
involved in primary binding and induction of the AR (Florman 
and Wassarman, 1985 and reviewed by Dell et al, 1999; 
Shalgi and Raz, 1997; Wassarman et al, 1999; Wassarman, 
1999b). Site-directed mutagenesis shows that mutating Ser-332 
or Ser-334 to Ala results in complete inactivation of mZP3 
(Chen et al, 1998), indicating the importance of O-linked 
oligosaccharides at these sites. The structures of the sperm- 
binding/AR-inducing components of the O-linked oligosac- 
charides have yet to be determined. However, several studies 
have begun to tackle the difficult problem of determining the 
crucial ZP sugars involved in sperm-egg interactions in verte- 
brates. 

Examination of sperm-egg binding by analysis of ZP sugars 
and the use of neoglycoproteins, monosaccharides, and other 
polysaccharides have yielded conflicting results. The bioactivity 
of mZP3 is not dependent on sulfation, N-linked oligosaccha- 
rides, or sialic acid residues (Litscher and Wassarman, 1996; 
Liu et al., 1997). However, removal of sialic acid from fixed 
eggs increases sperm binding, suggesting that these residues 
may conceal sperm binding sites (Mori et al, 1997). Man-BSA, 
GlcNAc-BSA, and GalNAc-BSA are capable of inducing the 
mouse AR, whereas Glc-BSA and Gal-BSA have no effect. 
The same monosaccharides applied at millimolar concentrations 
neither induce nor block the AR (Loeser and Tulsiani, 1999), 
suggesting that multivalent interactions between carbohydrates 
of the ZP and their receptors on sperm are necessary for AR 
induction. Application of L-type Ca 2+ channel blockers 
verapamil or diltiazem to sperm block the mZP3 induced AR. 
These drugs also block the AR induced by Man-BSA, 
GlcNAc-BSA, and GalNAc-BSA, lending support to the 
notion that these neoglycoproteins are affecting the same 
pathway as mZP3, the natural inducer. However, the G -protein 
blocker, pertussis toxin, which blocks the mZP3-induced AR, 
is ineffective at preventing the neoglycoprotein-induced AR 
(Loeser and Tulsiani , 1999). Because Man-BSA, GlcNAc-BSA, 
and GalNAc-BSA have similar affects on sperm as mZP3, this 
suggests that these sugars may be biologically relevant compo- 
nents of the oligosaccharides of mZP3. Furthermore, structural 
analysis of mouse ZP-derived glycans indicates the presence of 
terminal Man, GlcNAc, and GalNAc residues (Easton et al, 
2000). 

Removal of Gal from the nonreducing termini of the O-linked 
oligosaccharides of mZP3 (by treatment with a-galactosidase) 
inhibits sperm binding (Bleil and Wassarman, 1988), 
indicating that these terminal Gal residues are essential for 
sperm-egg binding. Incubating sperm with the trisaccharide 
Gal-a-1— >3-Gal-p-l— >4-GlcNAc inhibits sperm binding to 
eggs to a greater extent than incubation with the trisaccharide 
Gal-P-l->4-GlcNAc-P-l->4-GlcNAc, though neither inhibit 
binding with high affinity (Johnston et al., 1998). This would 
indicate that the ot-Gal linkage is more important for sperm 
binding than the (3-Gal linkage. However, the role of terminal 
Gal residues in sperm binding remains controversial. Another 
study found that sperm binding was reduced in P-galacto- 
sidase-treated eggs but not ot-galactosidase-treated eggs (Mori 
etai, 1997). Also, a-galactosyltransferase is necessary for the 
synthesis of terminal Gal-ot-l-»3-Gal residues, yet a-galacto- 
syltransferase-null mice are fully fertile (Thall et al., 1995). 



Furthermore, Gal residues localize to the inner portion of the 
ZP, indicating that the initial contact between the ZP and 
sperm does not involve Gal residues (Aviles et al., 2000). 
Studies of other monosaccharides have yielded similarly 
confusing results. For example, addition of an a-3-fucose 
residue to the trisaccharide Gal-a-l->3-Gal-P-l->4-GlcNAc 
to form Gal-a-l-*3-Gal-p-l^4[Fuc-al-*3]-GlcNAc, yields 
a tetrasaccharide with high inhibitory activity (Johnston et al., 
1998). However, there is no evidence of fucosylation of O-glycans 
based on structural analysis of carbohydrates from mouse eggs 
(Easton et al., 2000). These examples highlight the difficulties 
of sorting out biologically relevant carbohydrates involved in 
sperm-egg interactions. Understanding this process is further 
complicated by the fact that sperm-egg binding involves both 
low and high-affinity ZP binding sites on sperm (Thaler and 
Cardullo, 1996). 

ZPs in other vertebrates In pigs, acrosome-intact sperm bind 
to ZP proteins over the acrosomal ridge on the anterior portion 
of the sperm head (Burkin and Miller, 2000). The pig ZP 
contains ZPA, ZPB, and ZPC (homologues of mZP2, mZPl, 
and mZP3), and unlike mouse, ZPB (ZP1) is the sperm binding 
protein (Yonezawa et al., 1997; Kudo etai, 1998). Analysis of 
ZPB carbohydrates yields conflicting results. Some studies 
find that O-linked oligosaccharides and not N-linked oligo- 
saccharides are responsible for sperm-egg binding (Yurewicz 
et al, 1991, 1993), but other studies identify neutral N-linked 
oligosaccharides of ZPB as the sperm-binding components 
(Yonezawa et al, 1997; Kudo et al, 1998). 

Among amphibians, Xenopus laevis has provided the most 
information about sperm-egg recognition. Egg VE glyco- 
protein, gp43 (ZPC or ZP3) contains several O-linked and two 
N-linked glycosylation sites, one of which is conserved from 
teleosts to humans (Kubo et al, 1997; Yang and Hedrick, 
1997). Proteolytic cleavage of gp69/64 (ZPA or ZP2) during 
fertilization results in removal of 27 amino acids from the 
N-terminus and loss of sperm binding. The N-terminal peptide 
may contain an O-linked glycan that is involved in the binding 
process (Tian et al, 1999). Another analysis of Xenopus ZP 
proteins identified complex N-linked oligosaccharides of ZPC 
(mZP3) as the major sperm binding ligands and that sperm 
binding involves GlcNAc and Fuc residues. Furthermore, 
mixing isolated ZPA, ZPB and ZPC in a ratio of 1:4:4 (as 
occurs in the ZP) results in the binding of more sperm than the 
sum of the separate components (Vo and Hedrick, 2000). This 
result suggests that instead of having one sperm-binding 
protein, the molecules may act synergistically to bind sperm. 

The chorion surrounding eggs in teleost fish is multilayered 
and varies in thickness and number of layers. The zebrafish 
(Danio rerio) has a chorion composed of three morpho- 
logically distinct layers and contains four major proteins (116, 
97, 50, and 43 kDa; Bonsignorio etai, 1996). The homologue 
of mZP2 was the first ZP protein identified in teleost fish 
(Lyons et al, 1993), and others have been identified since then. 
Both ZP2 and ZP3 cDNA clones have been identified in 
zebrafish, but the relationship of the proteins of the zebrafish 
chorion to the ZP protein family is unknown. In zebrafish ZP3, 
only one putative N-glycosylation site and no O-glycosylation 
sites exist (Wang and Gong, 1999). Interestingly, most teleost 
sperm lack an acrosome. Instead of penetrating through the 
chorion, they reach the egg plasma membrane by swimming 
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through a hole in the chorion called the micropyle, implying 
that AR-inducing oligosaccharides may be unnecessary. In the 
medaka fish (Oryzias latipes), two groups of glycoproteins 
exist in the chorion, ZI-1,2 and ZI-3, whose precursors, 
choriogenin H and choriogenin L, correspond to ZP2 and ZP3 
(Murata et ai, 1995, 1997). ZI-1,2 and ZI-3 are sparsely 
distributed throughout a broad diluted mucous area (DMA) on 
the surface of the chorion and within the micropyle (Iwamatsu 
et ai, 1997). It is thought that the sperm bind to ZI-1,2 and ZI-3 
to maneuver across the surface of the egg through the DMA 
until locating the micropyle. 

Sperm receptors for egg ZP glycoproteins 

The evidence for mZP3 being the ligand for mouse sperm and 
the inducer of the AR is well supported, but the sperm receptor 
for mZP3 remains controversial. Candidate ZP receptors will 
be discussed. 

Acrosin is an acrosomal protease, originally thought to be 
involved in digesting a passage through the ZP. Several lines 
of evidence suggest that acrosin binds to sulfated polysaccha- 
rides of the ZP, as well as Fuc-BSA, Man-BSA, and non-ZP 
polysulfate saccharides (Jones, 1991; Urch and Patel, 1991; 
Jones etai, 1988). The function of acrosin in mice is question- 
able, because sperm of acrosin-null mice are still capable of 
penetrating the ZP and fertilization (Baba etai, 1994), though 
not as effectively as normal sperm (Adham et ai, 1997). Also, 
recombinant boar acrosin binds to the ZP but does not block 
sperm penetration (Crosby and Barros, 1999). Recent evidence 
suggests that acrosin' s proteolytic activity may function in the 
dispersal of the acrosomal vesicle contents after the AR 
(Yamagata et ai, 1998). Thus, the function of acrosin in the 
mammalian AR will require further work. 

P-1^4-Galactosyltransferase (GalTase) has been extensively 
studied as a mammalian sperm receptor involved in sperm 
binding to mZP3. Agents that inhibit GalTase and addition of 
purified GalTase inhibit sperm-zona binding in vitro (reviewed 
by Shur et ai, 1998). GalTase specifically recognizes the 
oligosaccharides of mZP3 that have sperm-binding activity but 
does not interact with other mZP glycoproteins (Miller et ai, 
1992). mZP3 is thought to elicit the AR by cross-linking or 
aggregating the sperm receptor on the plasma membrane 
(Leyton and Saling, 1989). Anti-GalTase antibodies (but not 
their Fab fragments) will induce the AR by aggregating 
GalTase on the sperm plasma membrane (Macek et ai, 1991). 
Multivalent GlcNAc-BSA is also capable of inducing the 
mouse sperm AR, whereas millimolar concentrations of the 
unconjugated sugar have no effect (Loeser and Tulsiani, 1999). 
Structural analysis of mouse ZP glycans demonstrates that the 
ligand for GalTase, GlcNAc, is only present on N-linked and 
not O-linked oligosaccharides (Easton et ai, 2000). GalTase 
has been localized to the anterior portion of the sperm head in 
several mammalian species, including guinea pig, mouse, rat, 
bull, pig, and rabbit (Larson and Miller, 1997). GalTase on the 
surface of porcine sperm binds the ZP. Unlike mouse GalTase, 
addition of uridine diphosphate galactose has no effect on 
sperm binding to the oocyte, nor does removal of zona ligands 
by N-acetylglucosaminidase (Rebeiz and Miller, 1999). This 
would argue that GalTase is not necessary for sperm-zona 
binding and the AR in pigs. Furthermore, GalTase-null male 
mice are fertile. However, in vitro studies show that the mutant 
sperm bind less mZP3 than wild type and do not undergo the 



AR in response to ZP3 or anti-GalTase antibodies (Lu and 
Shur, 1997). This points out the difficulty of correlating effects 
observed in vitro with the natural process occurring in vivo. 

sp56 was identified on the basis of its affinity for mZP3 
(Bleil and Wassarman, 1990). Furthermore, it was shown that 
sp56 localizes to the outer surface of the sperm head and that 
sperm binding glycopeptides of mZP3 can be crosslinked to 
sp56 (Cheng et ai, 1994). The cDNA sequence revealed sp56 
to be a peripheral membrane protein that contains seven sushi 
domains and a highly basic COOH-terminal domain (Book- 
binder etai, 1995). AM67 is a guinea pig homologue of sp56 
that localizes within the acrosome. Reexamination of the 
localization of sp56 in mouse sperm revealed that it was also 
found inside the acrosome (Foster et ai, 1997). Whether sp56 
is exclusively internal or external remains unresolved. 

Compelling evidence exists that acrosin, GalTase, and sp56 
interact with carbohydrates of the ZP and are important 
components of sperm-egg interaction. The difficulty lies in 
teasing out the exact function of each of these receptors in vivo. 

Secondary sperm receptors 

Several sperm receptors have been identified that are thought 
to be involved in secondary binding of acrosome-reacted 
sperm to egg extracellular matrices. P-N-acetylglucosamini- 
dase is released from mouse sperm during the AR, and the 
inhibitor, PUGNAC, prevents sperm penetration through the 
ZP. The glycosidase is thought to remove terminal GlcNAc, 
releasing the sperm so that it can move through the ZP (Miller 
etai, 1992). In the toad Bufo arenarum, the enzyme is released 
from sperm and binds to the VE. Furthermore, inhibition of 
this enzyme results in inhibition of fertilization in vitro 
(Martinez et ai, 2000). 

Hyaluronan is a glycosaminoglycan composed of the 
disaccharide repeat (GlcNAcp-l->4GlcAP-l->3) n , and hyal- 
uronidases selectively degrade the polymer. In mammals, 
hyaluronan is found in the cumulus matrix surrounding the ZP 
and the egg perivitelline layer surrounding the plasma 
membrane (Kan, 1990; Dandekar etai. , 1992; Camaioni etai, 
1996). PH-20 is a glycosyl phosphatidylinositol-anchored 
membrane protein first identified on the posterior head of 
guinea pig sperm. It has an N-terminal hyaluronidase domain 
that is used by acrosome-intact sperm to penetrate the cumulus 
matrix. Its C-terminal domain is thought to be involved in 
secondary sperm binding, but the mechanism remains 
unknown (Hunnicutt et ai, 1996). Homologues of PH-20 have 
been identified and localized to the same regions in sperm from 
several other mammalian species, including mouse, rat, 
human, and macaque (Thaler and Cardullo, 1995; Sabeur et 
ai, 1997; Yudin etai, 1999; Seaton etai, 2000). 

In pigs, a ligand recognized by P-selectin is present in the 
ZP, and P-selectin exists on the acrosomal membrane of 
sperm. P-selectin is only detected by antibodies in acrosome 
reacted sperm, suggesting that it plays a role in sperm-egg 
recognition following the AR (Geng et ai, 1997). Removal of 
sialic acid (an important glycan of P-selectin ligands) from 
mZP3 does not affect binding to mouse sperm or the AR 
(Litscher and Wassarman, 1996), lending further support to the 
notion that P-selectin is involved in secondary binding. 
However, p-selectin deficient mice are fully fertile (Mayadas 
etai, 1993). 
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Summary 

The molecules of sperm-egg recognition in echinoderms 
appear to be entirely different from those of ascidians and 
vertebrates. An intriguing possibility is that a sea urchin REJ 
homologue is a mammalian sperm receptor. A testis-specific 
mammalian homologue of REJ, PKDREJ, of unknown function, 
has been cloned from mouse and human (Hughes et al, 1999). 
The ascidian sperm-egg recognition system involves glyco- 
sidases binding to their appropriate glycosides. In vertebrates, 
glycosidases have also been implicated in sperm-egg binding 
(Martinez et al, 2000), and in cleaving glycosides so that the 
sperm can penetrate the ZP (Miller et al, 1992). Among verte- 
brates, evidence indicates that the ZP proteins are the crucial 
molecules responsible for the initial sperm-egg recognition 
events. However, the ZP protein family members serve 
different functions and are differentially glycosylated in the 
egg coats of different vertebrate groups. Furthermore, there is 
indirect evidence that carbohydrates play a role in species- 
specificity of sperm binding in vertebrates (Rankin et al, 
1998; Doren etal, 1999). Although there is good support that 
oligosaccharides of the ZP proteins are crucial for primary 
sperm binding and induction of the AR in vertebrates, the 
identification of the ZP receptor on sperm remains uncertain. 
sp56, proacrosin, and GalTase are all candidate ZP receptors. 
The main focus of research to date has been in identifying 
primary binding events, but it is apparent from these data that 
there are many more potential factors in sperm-egg inter- 
actions leading to the fusion of two gametes. Much more work 
needs to be done to clearly delineate the complicated processes 
of sperm-egg interaction during fertilization. 
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ABSTRACT 

Female macaques produced isoantibodies to a limited num- 
ber of sperm surface proteins following immunization with 
sperm components released by phosphatidylinositol-specific 
phospholipase C (PI-PLQ. Washed, acrosome-intact, fixed 
sperm injected into rabbits elicited a major immune response to 
one of the same PI-PLC-released proteins, which was shown to 
be a sperm surface-coating protein. After purification and di- 
gestion of the glycoprotein, four peptides were analyzed for 
amino acid sequence, and all had 100% homology with an ep- 
ididymal secretory protein, ESP13.2, reported previously to be 
a small, cationic-rich peptide and a member of the p-defensin 
family. Antibodies to purified ESP13.2 recognized a number of 
protein bands on Western blots of non reduced PI-PLC-released 
sperm components and nonreduced whole-sperm extracts. After 
chemical disulfide reduction, only a single, broad band from 31 
to 35 kDa was recognized by anti-ESP13.2 antibodies. Indirect 
immunofluorescence showed ESP13.2 over the entire surface of 
ejaculated macaque sperm. Fluorescence was only slightly re- 
duced after sperm were washed through 80% Percoll. A 24-h 
incubation in capacitating medium significantly reduced the 
amount of ESP13.2 over the head and midpiece, whereas ex- 
posure of the incubated sperm to dbcAMP and caffeine (capac- 
itation activators) resulted in almost complete loss of ESP13.2 
from the sperm surface. After activation, ESP13.2 was the pri- 
mary component released into the medium as judged electro- 
phoretically. Lignosulfonic acid, a potent inhibitor of macaque 
fertilization in vitro, completely blocked release of ESP1 3.2 from 
the sperm surface, even following treatment with activators. 
These findings suggest that the p-defensin, ESP13.2, has a func- 
tion in the capacitation of macaque spermatozoa and may mod- 
ulate sperm surface-receptor presentation at the time of fertil- 
ization. 

cyclic adenosine monophosphate, epididymis, gamete biology, 
sperm, sperm capacitation 

INTRODUCTION 

Following completion of spermatogenesis, mammalian 
sperm are incapable of fertilizing the oocyte, and they ac- 
quire this capability during maturation in the epididymis 
[1]. Sperm maturation involves the acquisition, deletion, 
and/or modification of sperm surface components during 



'Bodega Marine Laboratory Contribution no. 2166. 
Correspondence: Gary N. Cherr, Bodega Marine Laboratory University 
of California.. Davis, PO Box 247, Bodega Bay, CA 94923. 
FAX: 707 875 2089; e-mail: gncherr® ucdavis.edu 



Received: 6 February 2003. 
First decision: 2 March 2003. 
Accepted: 1 2 May 2003. 

€> 2003 by the Society for the Study of Reproduction, Inc. 
ISSN: 0006-3363. http://www.biolreprod.org 



epididymal transit, such that by the time sperm reach the 
caudal region of the epididymis, they have been sufficiently 
modified to enable fertilization [1, 2]. 

Mature sperm released from the male tract at ejaculation 
still must spend additional time in the female tract, or an- 
other appropriate environment, before they are competent 
to fertilize [3]. This final maturation process, termed ca- 
pacitation, has been recognized for more than 50 years as 
an essential prerequisite for fertilization, but the changes 
that take place in sperm during capacitation are still not 
completely understood [3]. The sperm maturation processes 
in the male and female tracts appear to be linked. The 
sperm surface modifications, including addition of surface 
coats that occurs in the male reproductive tract, appear to 
establish a stable membrane composition for protection of 
sperm during transport in the female tract. Subsequently, 
the modification or removal of these stabilizing factors in 
the female may allow the sperm-receptor presentation and 
membrane destabilization that are required for the acrosome 
reaction and fertilization [4]. 

The secretory activities of the epididymal epithelium are 
of major importance in the process of sperm surface re- 
modeling in the male reproductive tract [5]. A number of 
epididymal proteins are known to be added to the sperm 
surface, and most of these proteins are synthesized and se- 
creted under strict androgen control [6, 7]. Two separate 
and unique populations of (glyco)proteins are added to 
sperm, and these proteins are classified according to their 
relative affinities for the sperm surface [8, 9]. Some gly- 
coproteins are glycosylphosphatidyl inositol (GPI)-an- 
chored and firmly incorporated into specific membrane do- 
mains along the sperm surface [10-12], whereas other ep- 
ididymal proteins are adsorbed on the sperm surface and 
not integrated into the lipid bilayer [13, 14]. Most, but not 
all, of the GPI-linked glycoproteins are utilized for sperm 
protection within the female reproductive tract [15, 16]. 
The so-called "maturation antigens" laid down in the ep- 
ididymis may function for protection, cumulus penetration, 
zona recognition and binding, as well as sperm-oocyte fu- 
sion [14-17]. 

Cynomolgus macaque sperm have a constituent popu- 
lation of GPl-anchored (glyco)proteins that are released af- 
ter exposure to phosphatidylinositol-specific phospholipase 
C (PI-PLC) [18]. Because this group of membrane proteins 
is completely exposed to the external environment, they 
have been used to elicit an isoimmune response in female 
macaques [18]. Following immunization with these PI- 
PLC-released proteins, together with five different adju- 
vants, only two glycoproteins (24 and 53 kDa) were con- 
sistently recognized as potent isoantigens [18]. The 24-kDa 
protein was found to be a GPI-anchored CRISP glycopro- 
tein called MAK248, and it has been described in detail 
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previously [18]. The 53-kDa protein was determined to be 
a cell surface-coating protein that was linked to GPI-an- 
chored protein(s), because it could be partially displaced 
from the sperm surface with elevation of the ionic strength 
of the medium [18]. 

Recently, the defensins, which are members of the innate 
immune system, have been shown to exist within the male 
reproductive tract [19]. One such defensin is DEFB126 
(ESP 1 3.2), which, is epididymis- specific and expressed in 
large quantities [20]. However, the association of this pro- 
tein with sperm was not previously demonstrated, and no 
function for the molecule was envisioned outside the male 
reproductive tract. In the present study, we show that the 
previously unidentified 53-kDa glycoprotein is ESP13.2, 
the p-defensin DEFB 126, and that it is adsorbed to the 
entire surface of macaque sperm. We show that the protein 
is highly immunogenic, and we provide evidence of its 
function during the sperm capacitation process. 

MATERIALS AND METHODS 

Reagents 

All chemicals and reagents were purchased from Sigma- Aldrich Chem- 
ical Co. (St. Louis, MO) unless stated otherwise. 

Semen and llssue Collection 

Animals were housed at the California National Primate Research Cen- 
ter in compliance with the Federal Health Guidelines for Care and Use of 
Laboratory Animals. Semen samples were collected by electroej actuation 
from 10 individually caged cynomolgus macaques [21]. Each ejaculate 
was collected into a 15 -ml centrifuge tube containing 5 ml of Hepes- 
buftered Biggers, Whitten, and Whittingham (BWW) medium (Irvine Sci- 
entific, Santa Ana, CA). After a 1-h dispersion of the ejaculate in BWW, 
the samples were checked for motility, and only those with greater than 
70% motile sperm were used in the experiments. The upper 4 ml of the 
sperm suspension were transferred to another tube for further processing. 

Cynomolgus macaque tissues were obtained from three males at the 
time of elective necropsy. The different regions of the reproductive tract 
and selected other tissues were dissected, and a small extract of each tissue 
sample was prepared for PAGE by toiling for 3 min in a reducing SDS 
solubilizing buffer (Pierce, Rockford, 1L). The samples were centrifuged 
at 2000 X g for 10 min, and the supematants were stored at -20°C. 

Antibody Production and Preparation 

The methods for developing isoantibodies to PI-PL C-released macaque 
sperm surface components were originally reported by Yudin et al. [18]. 
Briefly, the upper 4 ml from ejaculated sperm suspensions were pelleted 
(300 x g) for 10 min, resuspended in 1 ml of Dulbecco PBS (DPBS; Life 
Technologies, Rockviile, MD), and layered over a 3.5-ml column of 80% 
Percoll in DPBS [22]. After centrifugation for 30 min at 300 X g the 
resulting pellet was washed twice in DPBS (10 ml), resuspended in PI- 
PL C (3 U/ml), and gently rolled during the 2-h incubation at 37°C. After 
2 li, the sample was centrifuged for 10 min at 1000 X g f and the super- 
natant was cleared by passage through a 0.22-p.m syringe filter. The sam- 
ples were concentrated fourfold with a Centricon-YM-10 (Millipore, Bed- 
ford, MA). Five separate adjuvants were used for imimmization with the 
PI-PLC-released sperm surface glycoproteins [18], but the antibodies de- 
veloped from the PI-PLC/Montanide ISA 51 (Seppic, Paris, France) injec- 
tions were used in the present study to demonstrate the production of 
isoantibodies. The serum was collected 2 wk following the last injection 
from an immunized female monkey [23]. 

Intact, fixed cynomolgus macaque sperm were used to immunize rab- 
bits. Thoroughly washed sperm were fixed for 1 h in 2% paraformaldehyde 
and 0.2% glutaraldehyde/DPBS. After 1 h, the sperm were washed thor- 
oughly over a 2-h period and then mixed with Freund adjuvant for injec- 
tion. Complete Freund adjuvant was used for the first immunization; in- 
complete Freund adjuvant was used, for subsequent immunizations. The 
immunizations were performed every 2 wk with 10 6 sperm/injection, and 
the rabbits were killed by exsanguination 2 wk following the third injec- 
tion. Three rabbits were immunized with this protocol. 

Antibodies were developed to the purified ESP 13.2 antigen. Sperm 



were washed through 80% Percoll. resuspended twice in 10 ml of DPBS, 
and pelleted by centrifugation (300 X g) for 10 min The resulting pellets 
were resuspended in 2X DPBS (2:8 10 X PBS:H 2 0; 300 mM) for 30 nun 
and then pelleted for 10 min at 300 X g. The supernatant was passed 
through a 0.22-pjn syringe filter. The elevated NaCl extractions from 10 
ejaculates were concentrated and electrophoretically separated on a 8-16% 
gel. The gels were stained with Gel Code Blue (Pierce), and the 53-kDa 
band was cut out and electroeluted. After complete electroelution, the sam- 
ple was chemically reduced with 0. 1 M dithiothreitol (DTT) and again run 
on an 8-16% gel. The entire 31- to 35-kDa band was cut from the gel 
and electroeluted for immunization. After electroelution, the sample was 
concentrated, and 100-ng aliquots were injected into each rabbit in a series 
of four immunizatioiis as described above. 

All serum samples (macaque and rabbit) were initially heat-inactivated 
(56°C for 30 min) and then precipitated with ammonium sulfate (0.24 g/ 
ml). The ammonium sulfate was added slowly over a 4-h period at 4°C. 
The precipitated immunoglobulin (Ig) was pelleted and resuspended in 
DPBS and dialyzed overnight. The Ig was ali quoted and stored at -20°C. 

Amino Acid Sequence Analysis 

Upper and lower regions of the Gel Code Blue-stained, 31- to 35-kDa 
band that resulted from the purification and reduction of the 53-kDa band 
from NaCl-extracted sperm preparations were cut from the gel and sub- 
mitted to the Molecular Structure Lab, University of California, Davis, for 
amino acid sequencing. The upper and lower portions of the 31- to 35- 
kDa band were proteolytically cleaved and extracted. Sequencing was 
done on an ABI Q-Star XL Hybrid LC/MS/MS system (Foster City, CA). 
All chemistry programs and data collection/analysis were performed using 
standard Precise protocols. The individual amino acids were cleaved from 
the protein using standard Edman chemistry and resolved on the standard 
ABI RP columns using standard solvents. Absorbance was monitored at 
269 nm and results displayed and reports generated using the .ABI 610a 
V.2,1 software mining on a Mac G3 (Apple Computer, Inc., Cupertino, 
CA). The sequence data were compared to the existing DNA databanks 
for any sequence similarity. 

Sperm Preparation 

As described above, sperm remained in Hepes-BWW for 1 h after 
ejaculation and then were pelleted at 300 x g for further processing. Next, 
sperm were capacitated overnight as described previously [24]. Briefly, 
sperm were washed through a 3.5-ml column of 80% Percoll and sus- 
pended in BWW medium containing 30 mg/ml of BSA buffered with 35.7 
mM sodium bicarbonate ("capacitation medium' 1 ). Following overnight 
incubation at 28°C and 5% CO2.. sperm were placed into a 37°C incubator 
and 5% C0 2 for an additional 2 h This process promotes capacitation in 
at least a subset of macaque sperm, as determined by the ability of sperm 
to tightly bind, to the zona pellucida and undergo the zona pellucida-in- 
duced acrosome reaction Capacitation of the majority of sperm was syn- 
chronized .with the addition of 1 mM dbcAMP and 1 mM caffeine ("ac- 
tivators") to sperm suspensions for an additional l-h incubation at 37°C 
and 5% C0 2 [24]. Sperm were studied at different stages of preparation: 
before Percoll washing, after Percoll washing, after overnight incubation, 
and following addition of activators. In some experiments, ejaculates were 
split into two groups before Percoll washing, one being treated with 1 nig/ 
ml of lignosulfonic acid (L S A). After 1 h of incubation, the LSA-treated 
and non-L S A-treated sperm were prepared in the same way, as described 
above . 

Fluorescent Immunolocaiization of ESP13.2 

Only the rabbit anii-ESP13.2-specific Ig was used for the localization 
experiments. Multiple sperm samples from five different males were fixed 
(2% parafonnaldehyde/DPBS) for 20-30 min at the four different stages 
of sperm preparation. After fixation the sperm were thoroughly washed 
(two to three times) in blocking solution (1% BSA, 0.1% NaN 3 , and 1% 
gelatin/DPBS). Sperm samples were suspended in preimmune or primary 
antibody (10 u>g/ml of Ig) and gently rolled for 1 h, then washed thor- 
oughly (three times) in blocking solution and resuspended in a solution of 
20 lag/ml of goat anti-rabbit Alexa 488 (Molecular Probes, Eugene, OR) 
in blocking solution. The samples were again rolled for 1 h and then 
thoroughly washed and resuspended in a fluorescent stabilization medium 
(50% glycerol, 0.2% NaN 3 , and 1% paraformaldehyde/DPBS). Photomi- 
crographs were taken of representative cells using a cooled CCD digital 
camera (Optomics, Santa Barbara, CA) mounted on a Leitz Laborlux S 
microscope (Carl Zeiss Vision GmbH, Oberkochen, Germany) equipped 
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FIG. 1 . PI-PLC-released components from washed macaque sperm were 
electrophoreticaliy separated on a 8-1 6% gels and silver stained (A). The 
PI-PLC-released samples were separated, blotted, and probed with anti- 
PI-PLC Ig from immunized macaques, revealing a number of immuno- 
reactive bands, the most prominent being the broad, 53-kDa region and 
a 24-kDa band (B). When the same samples were chemically reduced, a 
shift occurred in the molecular weight of the major bands on the silver 
stained gel (C), and the antibodies recognized a group of dense bands 
{10, 18, and 28 kDa) and a larger, diffuse region of 31-35 kDa (D). Gel 
and blots are representative of four replicates. 



with a 200-W mercury fluorescence vertical illuminator and a 1 -Lambda 
Plocmopac incident light fluorescence illuminator employing an 13 filter 
cube with a BP 450-490 excitation filter, an RKP 0510 dichromatic mirror, 
and an LP 515 suppression filter. Optics included a 3.3 X intraocular 
magnifier (Scientific Instruments, Sunnyvale, CA) and a Zeiss 63 X oil 
emersion fluorescence objective (JH Technologies, San Jose, CA). Initial 
images were captured using Magnafire 2.0 software (Optomics) and pro- 
cessed with Adobe Photoshop (Adobe Systems, San Jose, CA) for pro- 
duction of figures. 



Fine Structural Localization of ESP13.2 

Sperm samples from three different males were washed through 80% 
Percoll and fixed in 2% paraformaldehyde and 0.2% glutaraldehyde/0.2 
M cacodylate buffer. After fixation for 30 mil), the sample was washed 
thoroughly in blocking solution and incubated in preimmune or primary 
anti-ESP13.2 Ig (10 ^g/ml) for 1 h, thoroughly washed in blocking so- 
lution, and resuspended in goat anti -rabbit Ig 10-nm gold (E-Y Labora- 
tories, San Mateo, CA). Sperm were gently rolled tor 2 h, washed in 
DPBS, resuspended for 2 h in 2.5% glutaraldchyde, and buttered with 0.2 
M cacodylate (pH 7.4). Finally, sperm were washed in 0.2 M cacodylate 
and postfixed for I h with 1% osmium tetroxide in 0.2 M cacodylate. 
Sperm were dehydrated through a graded alcohol series, infiltrated with 
S purrs epoxy (Ted Pella, Inc., Redding, CA), and embedded in an epon- 
araldile mixture. Sections were cut with a diamond knife and stained with 
uranyl acetate and lead citrate before viewing with a Philips 401 trans- 
mission electron microscope (Eindhoven, The Netherlands). 



Electrophoresis and Western Blot Analysis 

All gels used were 8-16% Tris-glycine (Invitrogen, Carlsbad, CA). The 
PI-PLC-released sperm surface (glyco)proteins were solubilized in SDS- 
nonreducing buffer (Pierce, Rockford, IL) and then split equally and re- 
duced with 100 mM DTT. Concentrated surface extract removed with el- 
evated osmolality (300 mM) was solubilized with SDS-nonreducing buffer 
(Pierce), split equally, and reduced with 100 mM DTT. Whole-sperm and 
PI-PLC-released sperm surface components were treated similarly. Whole- 
sperm samples from eight different males were individually solubilized in 
SDS-nonreducing buffer at 50 X I0 6 sperm/ml. These samples were also 
split into nonreduced and reduced aliquots. 

After electrophoresis, the gel was electro blotted to nitrocellulose mem- 
branes, and blocked for at least 2 h in TBS (50 mM Tris-HCL [pH 7.4J 
and 0.3 M NaCl) containing 5% nonfat dry milk and 0.1% NaN 3 . After 
blocking, the blots were incubated with Ig suspended at 50 jjig per 10 ml 
of TBS with 3% BSA and 0.1% NaN 3 . Affer labeling the nitrocellulose 
blots with the primary antibody, the blots were washed three times for 10 
min each in TTBS (10 mM Tris-HCI [pH 7.4], 150 mM NaCl, and 0.1% 
Tween 20). Blots were subsequently incubated with the appropriate sec- 
ondary antibody (1:2000): goat anti-rabbit IgG-alkaline phosphatase (Bio- 
Rad, Hercules, CA) or goat anti -monkey IgG-alkaline phosphatase (Ac- 
curate Chemical and Scientific Corp., Westbury, NY). After washing in 
TTBS, immune complexes were detected using precipitating alkaline phos- 
phatase substrate (1-Step NBT-BCIP; Pierce). 

RESULTS 

Sperm Proteins Recognized by Macaque Isoantibodies 
to Sperm Surface Components 

Treatment of sperm with PI-PLC released a number of 
proteins, as shown in the concentrated sample run on non- 
reducing 8-16% gels (Fig. 1A). When the same gels were 
blotted onto nitrocellulose and probed with isoantibodies 
developed in female macaques immunized with PI-PLC- 
released sperm components (anti-Pl-PLC isoantibodies), a 
potent immunologic response was demonstrated to a broad, 
diffuse, 53-kDa region of the blot (Fig. IB). After chemical 
reduction of the sample with DTT, a different electropho- 
retic profile was apparent, and the bands recognized by the 
same antibodies were the 28-, 18-, and 10-kDa components 
of the MAK248 glycoprotein [18] and a diffuse, broad band 
that extended from 31 to 35 kDa (Fig. 1, C and D). 

Sperm exposed to 2X DPBS (300 mM) released a pop- 
ulation of (glyco)proteins (Fig. 2 A). After blotting onto ni- 
trocellulose and subsequent exposure to anti-Pl-PLC iso- 
antibodies, a number of bands were recognized, with the 
53-kDa band being the most prominent (Fig. 2B } which is 
representative of three gels). Chemical reduction of the 
NaCl extract before electrophoresis resulted in a limited 
number of bands being recognized by the same antibodies, 
with the 31- to 35-kDa region being die most evident (Fig. 
2, C and D). 

Purification and Amino Acid Sequence 
of the 31- to 35-kDa Sperm Protein 

Because of the broad nature of the band, portions of the 
upper (35-kDa) and lower (31 -kDa) regions of the band 
were sliced for protein extraction and sequencing. Analysis 
of peptide fragments from the upper segment gave one 
good sequence; the lower segment had three peptides diat 
were easily sequenced. The sequence of the peptide from 
the upper region was the same as that of one of the lower 
peptides, minus one of the initial amino acids. All of the 
sequences had 100% ammo acid identity witii a previously 
described epididymal secretory protein, ESP 13. 2, which 
was reported to have a molecular mass of approximately 
30 kDa [20]. The amino acid sequence of ESP13.2 
(Q9BEE3/AJ236909) showed a structural relationship very 
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FIC. 2. Macaque sperm were exposed to increased NaCl osmolarity to 
release surface-coating proteins. The released components are shown on 
a silver-stained gel (A). Probing a nitrocellulose blot of the NaCl extraction 
revealed a number of bands recognized by anti-PI-PLC Ig from immu- 
nized macaques (B). Chemical reduction of the same samples resulted in 
a different profile on the silver-stained gel (C), but the anti-PI-PLC iso- 
antibodies recognized the 31- to 35-kDa band (D). Gel and blots are 
representative of three replicates. 



similar to that of the p-defensins and, later, was given the 
genomic name DEFB126 [25]. 

The amino acid sequence of ESP 13.2 is shown in Figure 
3, and the enzymatically cleaved peptides that were se- 
quenced in the present study are shown in brackets. The 
whole sequence includes the initial 20-amino acid signal, 
followed by the cysteine core and hydrophobic tail (Fig. 
3). The projected molecular weight of the entire protein 
based on the amino acid sequence is approximately 13 kDa, 
but based on electrophoretic mobility, the apparent molec- 
ular weight is approximately 31—35 kDa, a difference that 
probably results from glycosylation. In the sequence, no 
possible regions for N-glycosylation were found, suggesting 
O-linkage as the sole source of glycosylation. Within the 
hydrophobic carboxyl region is an abundance of threonine 
and serine residues; in fact, their contribution within this 
region is nearly 40%. Eight threonine and serine residues 
are found that are most likely utilized for CMinked glyco- 
sylation, as determined using previously reported criteria 
[26]. Within the core region of the defensins, the cysteines 
often are invariably spaced, but ESP13.2 has an additional 
five amino acids between the C3 and C4 regions. All of the 
defensins have a strong cationic nature, and ESP 13.2 is no 
exception, having 9 more basic amino acids over the acidic 
amino acids. The last 45 amino acids give ESP13.2 a strong 
hydrophobic region with an abundance of apolar amino 
acid residues. 



MKSLLFTLAVFMLLAQLVSG * NLYVKRC{LND 3 0 

2 3 S >S 

IGICK>KT CKPEEVR(SEHGWVMC GK}RKACCV 60 
PADK * R{SAYPSFCVHSK}TTKTSTVTARATAT 90 



TAT TATAATPLMI SNGL I SLMTTMAATPVSPTT 123 

FIG. 3. The deduced amino acid sequence of macaque epididymal se- 
cretory protein ESP13.2 (Q9BEE3/AJ236909). The ESP13.2 can be divided 
into three separated segments, as noted by stars, which delineate the sig- 
nal (21-22 amino acids) from the propiece and active peptide (64-65 
amino acids). The three segments that were sequenced in the present 
study are noted in bold type and within brackets. The fourth segment was 
smaller and fell within the second sequenced area. The six-cysleine core 
is designated by numbered black squares, and the only other cysteine 
(empty square) is not proposed to be linked and is located within the 
hydrophobic active site of the molecule. When compared to other p- 
defensins, the region between C3 and C4 (underlined) is noted to include 
an additional five residues. Most likely sites for O-linked glycosylation 
are noted by a black circle. 



Immune Response of Rabbits to Intact Fixed 
Macaque Sperm 

Antibodies raised in rabbits to intact, fixed macaque 
sperm recognized a prominent band in the 31- to 35-kDa 
range on Western blots under reducing conditions (Fig. 4) 
as well as a doublet at 212 kDa that is not seen in Figure 
4 (that portion of the blot has been cut off). All three im- 
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FIG. 4. Antibodies developed in rabbits to washed, intact, fixed sperm 
were used under reducing conditions to probe Western blots of whole 
sperm (A), PI-PLC-released sperm surface components (B), and NaCl -ex- 
tracted sperm surface components (C). In each case, the major immu- 
noreactive site was the 31- to 35-kDa region of the gel. Blots are repre- 
sentative of four replicates. 
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FIG. 5. Antibodies were developed in rabbits to purified ESP13.2. Ex- 
tracts of whole, nonreduced sperm are shown on a silver-stained gel (A). 
When blotted to nitrocellulose and probed with anti-ESPI 3.2 Ig, a number 
of irnmunoreactive bands were revealed, with the 53- and 66-kDa bands 
representing the most significant regions of immunoreaction (B). When 
the whole-sperm samples (as shown in A and B) were chemically re- 
duced, the profile on the silver-stained gel resulted (C), and a single, broad 
band was recognized by anti-ESPI 3.2 Ig at 31-35 kDa (D). PI-PLC-re- 
leased sperm surface components on a silver-stained gel (E) when blotted 
to nitrocellulose and probed with anti-ESPI 3.2 Ig revealed multiple 
bands, with the most prominent being the broad regions of immunore- 
action at approximately 53 and 66 kDa (F). Chemical reduction of the Pl- 
PLC-released samples (silver-stained gel; C) resulted in immunostaining 
of a single, broad region of 31-35 kDa (H). Gels and blots are represen- 
tative of five replicates. 
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FIG. 7. Rabbit anti-ESPI 3.2 Ig was used to probe blots of a variety of 
selected tissues, including brain (A), heart (B), kidney (C), liver (D), skel- 
etal muscle (E), spleen (F), testis (G), and whole sperm (H). No sign was 
observed to indicate cross-reactivity with the anti-ESP13.2 ig, except for 
a thin, faint band around 45 kDa in skeletal muscle (E). Blots pictured 
are representative of four replicates. 



Immune Response of Rabbits to Purified ESP13.2 

The same procedures for gel purification used to obtain 
peptides for amino acid sequencing were used to obtain 
ESP13.2 for antibody production in rabbits. These antibod- 
ies were used for Western blot analysis of nonreduced and 
reduced preparations of whole sperm and PI-PLC-released 
sperm surface components (Fig. 5). In the nonreduced sam- 
ples, a number of bands were apparent, particularly in the 
53- and 66-kDa regions (Fig. 5, B and F), but when the 
samples were subjected to chemical reduction, one primary 
band was recognized that ranged from approximately 3 1 to 
35 kDa (Fig. 5, D and H). 



munized rabbits produced antibodies with the same recog- 
nition profile, and the 31- to 3 5 -kDa band was the primary 
irnmunoreactive band for the first 4 wk after the initial in- 
jection in ail three rabbits (data not shown). Whether the 
reduced sample was obtained from whole sperm, PI-PLC- 
released sperm surface components, or sperm surface com- 
ponents obtained by NaCl extraction, the same large region 
of immunoreaction between 31 and 35 kDa was apparent 
(Fig. 4). 
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ESP13.2 in the Male Reproductive Tract 

Male reproductive tract tissues were solubilized, chem- 
ically reduced, and blotted to nitrocellulose before probing 
with rabbit anti-ESP13.2 Ig. Extracts from die testes and 
the caput epididymides showed no observable bands on 
Western blots, even when high concentrations of tissue 
samples were used for blotting (Fig. 6, A and B). Tissues 
from three different cynomolgus macaques were used to 
confirm the absence of expressed ESP13.2 in the testes and 
caput region of die epididymis (not shown). The first evi- 
dence of antibody recognition was observed with corpus 
epididymal tissue^ in which a single, thin band appeared at 
approximately 35 kDa (Fig. 6C). Extracts of tissue from die 
caudal region of the epididymis had a broader band of rec- 
ognition by anti-ESP13.2 Ig than that observed widi corpus 
tissue (Fig. 6, C and D). The preparation of whole sperm 
that was used for comparison (Fig. 6E) was significantly 
less concentrated than the tissue samples and allowed clear- 
er delineation of the multiple bands tiiat comprise the entire 
31- to 3 5 -kDa region of imrnunoreactivity to the anti- 
ESP13.2 Ig (Fig. 6E). Comparison of the different segments 
of the epididymis and whole sperm shows the addition of 
anti-ESPI 3. 2 reactive bands in progressive regions along 
the reproductive tract (compare Fig. 6, C-E). 



A B C D E 

FIG. 6. Rabbit anti-ESPI 3.2 Ig was used to probe male reproductive tract 
tissues. No irnmunoreactive bands were detected in tissue extracts from 
the testes or caput epididymides (A and B). A band at approximately 35 
kDa was recognized in tissue from the corpus epididymides (C), and a 
doublet at 33-35 kDa was recognized in tissue from the cauda epididy- 
mides (D). In contrast, ejaculated sperm had a least three distinguishable 
bands between 31 and 35 kDa (E). Blots pictured are representative of 
three replicates. 



ESP13.2 in Other Macaque Tissues 

A number of nonreproductive tract tissue samples from 
macaques were solubilized, reduced, and blotted to nitro- 
cellulose for probing with anti-ESP13.2 Ig (Fig. 7, A-G). 
Of the tissues tested, only skeletal muscle had a minor band 
of reactivity with the antibody, which may be a result of 
components with shared epitopes or nonspecific labeling 
(Fig. 7E). 
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Fine Structural Localization of ESP13.2 

Gold particles were found to be evenly dispersed over 
the entire sperm surface, and no evidence was found of 
gold concentration in any particular sperm domain (i.e., the 
anterior head, equatorial segment, posterior head, midpiece, 
or flagellum) (Fig. 8). 

Fluorescence Localization of ESP13.2 

In agreement with the fine structural observations, in- 
direct immunofluorescence showed that sperm were coated 
with ESP13.2 over the entire surface (Fig. 9A), even after 
sperm were washed through a 3-ml column of 80% Percoll 
(Fig. 9B). When sperm were incubated overnight at 28°C 
in 30 tng/ml of BSA followed by a 2-h incubation at 37°C, 
a reduction of fluorescence was observed over the head and 
midpiece. but significant fluorescence was still observed on 
the sperm tail (Fig. 9C). After 2 h at 37°C, sperm were 
incubated an additional 1 h with activators before fixation, 
which resulted in almost complete loss of fluorescent la- 
beling (Fig. 9D). Sperm treated with preimmune Ig under 
the same conditions described in Figure 9 displayed no im- 
munofluorescence (data not shown). The rapid loss of 
ESP13.2 following sperm treatment with activators was 
confirmed by Western blot analysis. Samples that were 
treated identically to those shown in Figure 9, C and D, 
were solubilized, reduced, and blotted to nitrocellulose. Af- 
ter sperm were treated with activators, the 31- to 35-kDa 
band was barely visible (Fig. 10D), as compared to sperm 
that were incubated overnight but were not exposed to ac- 
tivators (Fig. 10B). 

Effect ofLSA on ESP 13.2 

As shown by indirect immunofluorescence using anti- 
ESP13.2 Ig, sperm that were incubated with LSA continued 
to be coated with ESP13.2 even after treatment with acti- 
vators (Fig. 11). After Percoll washing and incubation in 




FIG. 8. Fine structural localization of ESP13.2 on cynomolgus macaque 
sperm. Percoll washed, but noncapacitated, sperm have an even distri- 
bution of gold label over the entire sperm head, and the label is located 
on the external surface of the plasma membrane (PM). The fiagellum (F) 
also has gold label over the entire surface. Equatorial Segments (ES). Bar 
= 0.5 u,m. 



capacitation medium overnight, control sperm lost a portion 
of the ESP13.2 coating (Fig. 11 A). That loss was dramat- 
ically increased after treatment with activators (Figs. 9D 
and 11B). When the sperm were incubated in LSA before 
Percoll washing and incubation, no loss of the fluorescence 
labeling was obvious, even after incubation with activators 
(Fig. 1 1 , C and D). Sperm treated with preimmune Ig under 
the same conditions described in Figure 11 displayed no 
immunofluorescence (data not shown). 

The retention of ESP13.2 after sperm treatment with 
LSA was confirmed by experiments using Western blots. 
Sperm were exposed to LSA and then washed, incubated, 
and treated with activators before solubilization and prob- 




FIG. 9. Immunofluorescent labeling of 
ESP13.2 during sperm capacitation. The 
fluoresceni images are shown in A1-D1, 
and the corresponding bright-field images 
are shown in A2-D2. Before and after 
washing through 80% Percoll, ESP13.2 
was distributed evenly over the entire 
sperm surface (A and B). When sperm 
were incubated overnight in capacitation 
medium, a reduction of ESP13.2 occurred 
over the head and midpiece (C), and 
when sperm were treated with activators, 
most ESP13.2 was lost from the sperm sur- 
face (D). Micrographs are representative of 
sperm observed from five different males. 
Magnification XI 000. 
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FIG. 10. Sperm were washed through Percoll, incubated overnight, and 
prepared for Western blot analysis before and after treatment with acti- 
vators. A sperm preparation after overnight incubation and before acti- 
vation is shown on a silver-stained gel (A). The same sample blotted to 
nitrocellulose and probed with anti-ESP! 3.2 Ig showed a single, broad 
band between 31 and 35 kDa (B). Sperm treated with activators appeared 
similar to the untreated sperm on the silver-stained gel (C), but when 
probed with anti-ESP13.2 Ig, the blot showed only a faint band at ap- 
proximately 35 kDa (D). Gels and blots are represeniative of multiple 
replicates from eight different males. 

ing for ESP 13. 2. As indicated by the relative densities of 
the immunoreactive bands, ESP13.2 was retained on sperm 
after treatment with activators in comparison to control 
sperm that were not treated with LSA (Fig. 12 ; A and B). 
When the supernatants were evaluated for the presence of 
ESP13.2 after sperm were treated with activators, the su- 
pernatant from control sperm had a significant immunore- 
active band at 31-35 kDa, but the supernatant from LSA- 
treated sperm had onlv a faint band in this region (Fig. 12 r 
C and D). 

DISCUSSION 

Mammals have a well-studied, species-specific mecha- 
nism that enables males to store sperm and, at the same 
time, prepare sperm for eventual deposition within the fe- 
male reproductive tract [9 J. Sperm that exit the testes are 
morphologically complete, but they are incapable of pro- 
gressive motility and have little capability to interact with 
the oocyte [1]. During subsequent transport through the ep- 
ididymis, the sperm surface is radically modified, and the 
sperm become capable of forward motility and recognition 
of the zona pellucida [1]. The sperm surface is altered, in 
part, by epididymal secretions that sculpt the plasma mem- 
brane as the sperm progress through the male reproductive 
tract [12, 27, 28]. 



The presence of ESPI3.2 mRNA in the macaque epi- 
didymis was originally reported by Perry et al. [20]. Sub- 
sequently, it became clear that this epididymal secretory 
protein has a structure that is characteristic of P-defensins, 
a class of proteins that are components of the innate im- 
mune system [25]. Defensins are small, cationic peptides 
containing a well -conserved six cysteines that are uniquely 
paired, distinguishing the a- from the p-defensins [29]. 

The present study extends the work of Perry et al. [20] 
by demonstrating the presence of ESP 13. 2 on the surface 
of ejaculated spenn. Perry et al. were unable to demonstrate 
labeling of ESP13.2 on "sperm using an antipeptide anti- 
body. It is possible that the peptide sequence single epitope 
to which the antibody was built may not be exposed on 
spenn but was still recognizable within the corpus tissue 
because it is not yet a fully mature protein. A coating pro- 
tein, ESP13.2 can be partially removed from the spenn sur- 
face by salt extraction and is lost during the capacitation 
process. It is also a potent antigen, which stimulates pro- 
duction of an isoantibody when injected into female mon- 
keys [18 and present study]. This is consistent with the 
research on E-3, a p-defensin found on the surface of rat 
spenn, which elicited a potent immune response [30]. This 
observation also appears to be consistent with the biology 
of the p-defensins, which have been reported to elicit a call 
to the adaptive immune system such that monocytes, poly- 
morphonuclear leukocytes, B cells, and T cells are actively 
recruited to sites where p-defensins are elevated [31, 32]. 
In fact, Fearon [33] reported that p-defensins could act as 
potent adjuvants of the adaptive immune system. 

The findings of the present study confinn the previous 
report [20] that ESP13.2 is present within the corpus and 
cauda epididymides but not in other tissue extracts from 
macaques. As spenn pass through the male reproductive 
tract, numerous surface modifications can occur [28]. In the 
present study, ESP13.2 appeared as a single, 35-kDa band 
on Western blots of the corpus epididymides under reducing 
conditions, but blots of ejaculated sperm showed at least 
three bands (31, 33, and 35 kDa), which most likely result 
from changes in glycosylation of the protein as sperm move 
through die epididymis. 

The epididymis has been shown to alter the sperm plas- 
ma membrane by addition of numerous proteins, some of 
which are integrated into the plasma membrane and some 
of which are coating proteins that are adsorbed on the 
spenn surface [5]. Within the family of sperm-coating pro- 
teins, some are tightly attached, but others are easily dis- 
sociated from the sperm surface [8, 17]. The synthesis and 
secretion of spenn-coating proteins by the epididymis, 
whether GPI-anchored or adsorbed, are thought to be under 
strict control of androgens [6, 7, 12, 34], although it is not 
known at present whether die production of ESP13.2 is 
hormonally regulated. Surface coats acquired in the epidid- 
ymis often are localized regionally to specific domains of 
the sperm plasma membrane, but a few are globally ad- 
sorbed on the entire sperm surface [1]. 

In the present study, ESPI3.2 was found to be uniformly 
distributed on the heads and tails of macaque sperm at the 
time of ejaculation. Western blot analysis with nonreducing 
gel electrophoresis suggests that either ESP13.2 is bound 
to a number of different proteins via disulfide bonds or 
undergoes some self-assembly following solubilization in 
SDS buffer, utilizing its free cysteine. It can be dissociated 
from sperm surface proteins under conditions of increased 
osmolality, suggesting diat ionic interactions with the 
spenn surface are responsible for at least some of the sperm 
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FIC. 1 1 . Immunofluorescent labeling of 
ESP13.2 on sperm that were treated with 
LSA. The fluorescent images are shown in 
A1-D1, and the corresponding bright-field 
images are shown in A2-D2. Sperm were 
exposed to LSA before washing through 
80% Percoll and incubation overnight in 
capacitatlon medium. Control sperm after 
overnight incubation had ESP13.2 over the 
whole sperm (A) that was lost after treat- 
ment with activators (B). The LSA-treated 
sperm retained the ESP13.2 surface coat 

(C) , even after treatment with activators 

(D) . Micrographs are representative of 
multiple replicates from five different 
males. Magnification X1000. 



surface binding. The ESP13.2 released by increased os- 
molality could readily be resolved as a single band under 
reducing conditions. A significant amount of ESP 13.2 ap- 
pears to be attached to a number of GPI-anchored proteins, 
because it is released along with GPI-anchored proteins fol- 
lowing PI-PLC treatment of live cells. It is also possible 
that ESP13.2 interacts widi membrane -spanning proteins,, 
such as ion channels. Neurotoxins have a very similar sec- 
ondary' structure to p-defensins due to their six-cysteine 
motif [35]. These toxins are known to bind to and inhibit 
Na + , K + , and Ca 2+ channels [36]. It has been recently 
shown that scorpion toxins are potent inhibitors of t-type 
calcium channels in sperm [37]. It seems possible that 
ESP 13. 2 could also be associated with certain ion channels 
on the sperm surface. 

The mechanism by which ESP 13. 2 attaches to macaque 
sperm proteins is not known, but one possibility centers 
around the highly charged cationic region, which allows for 
promiscuous binding to multiple partners because of charge 
attraction [38]. Another possibility lies in the fact that 
ESPI3.2 has a very hydrophobic motif, which could insert 
into the anionic phospholipids of the plasma membrane 
[39]. Defensins can readily undergo oligomerization, which 
is thought to be critical for their antimicrobial activity [40]. 
In addition, epididymal secretory proteins can bind to the 
sperm surface via a DTT-sensitive mechanism [41]. Thus, 
ESP13.2 may interact with the sperm surface, utilizing its 
free cysteine. Finally, E-3, a defensin, has a lectin-like mo- 
tif [30], so molecules such as ESP13.2 could attach to 
spenn via carbohydrate domains. 

After sperm are ejaculated into the female reproductive 



tract, they must reside there for a period of time before they 
are capable of fertilization, a process termed capacitation 
[2, 3]. Capacitation involves reversal of the plasma mem- 
brane stabilization that took place in the epididymis, allow- 
ing the acrosome reaction to occur in response to a physi- 
ologically appropriate stimulus [2]. A variety of physiolog- 
ical changes take place in sperm during capacitation, in- 
cluding membrane lipid bilayer modulation, increased 
protein phosphorylation, intracellular ion fluctuations, and 
loss of surface coats [4]. 

Removal or loss of spenn surface components is thought 
to be an important part of the capacitation process and ap- 
pears to be reversible. In some circumstances, surface com- 
ponents, once removed from spenn, can be added back to 
"decapacitate" die sperm and render them incapable of fer- 
tilization [4, 42]. These decapacitation factors are reported 
to reside on die receptors that regulate spenn motility and 
zona pellucida recognition [13, 43, 44]. A sperm-coating 
protein, described as a decapacitation factor, was reported 
to be linked to GPI-anchored proteins on the posterior head 
of mouse sperm [44], The complex of GPI-anchored pro- 
teins regulates Ca 2 *-ATPase, and when the coating protein 
was removed, Ca 2+ transport was stimulated [44]. The link- 
age of the mouse sperm decapacitation factor to the GPI- 
anchored proteins involves fucose residues [44]. Similarly, 
ESP13.2 may reside on one or more functionally unique 
membrane proteins that are involved in fertilization -related 
functions. 

At the time of ejaculation, ESP13.2 was found to be 
uniformly distributed over the entire spenn surface, and this 
global distribution did not change during the capacitation 
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FIG. 12. Sperm were treated with LSA, washed through Percoll, incu- 
bated overnight, treated with activators, and prepared for Western blot 
analysis. Sperm were solubilized, separated on an 8-1 6% gel, and blotted 
to nitrocellulose for probing with anti-ESP1 3.2 Ig. Sperm exposed to LSA 
retained ESP13.2, as shown under reducing conditions (A), in control 
sperm that were not exposed to LSA, ESP13.2 was dramatically reduced 
(B). Sperm were removed by centrifugal ion, and the supernatant was con- 
centrated, solubilized. and electrophoresed. This band was absent from 
the gel of the supernatant from LSA-treated sperm (D). The gel of the 
supernatant from control sperm showed a broad band at 31-35 kDa, 
which is characteristic of ESP13.2 (C). Gels and blots are representative 
of multiple replicates from eight different males. 

process. In addition, ESP13.2 appears to be tightly attached 
to all regions of the spenu surface. Centrifugation through 
80% Percoll did not remove it from the surface, nor did 
prolonged incubation in medium containing high concen- 
trations of BSA. The latter treatment has been used suc- 
cessfully to remove surface coats from sperm of other spe- 
cies [45]. 

Although prolonged incubation in capacitation medium 
resulted in a reduction of ESP 13. 2 from the spenu surface, 
it was only when sperm were exposed to the pharmacologic 
activators dbcAMP and caffeine that ESP 13.2 was almost 
completely removed from die plasma membrane. It is note- 
worthy that the incubation-related reduction of ESP13.2 
was more apparent on the sperm head and midpiece than 
on the tail. It has been recognized for some time that ma- 
caque sperm require exogenous dbcAMP aid caffeine for 
the final synchronization of capacitation and to ensure max- 
imal fertilization in vitro [46]. Sperm capacitation is the 
culmination of physiological events that allow- sperm to rec- 
ognize and bind to the zona pellucida, to undergo an ac- 
rosome reaction, to maintain hyperactivated motility for 
penetration of the zona pellucida, and to fuse with the oo- 
lemma. All of these events have been reported to be reg- 
ulated by the second messenger, cAMP [47]. Under the 
conditions reported here, a percentage of macaque sperm 
are capacitated without die addition of activators, as dem- 
onstrated by hyperactivated motility, tight binding to the 
zona pellucida, and the zona-induced acrosome reaction 
(data not shown). These events appear to coincide with the 
limited release of ESPI3.2 that follows prolonged sperm 
incubation in capacitation medium. Sperm treatment with 
activators results in the synchronized loss of ESP 13.2 from 
most sperm in the population and their enhanced ability to 
imdergo the same capacitation-related events [24]. 

Although both activators (dbcAMP and caffeine) appear 



to be required for the synchronization of capacitation of 
macaque sperm, evidence suggests that die two compounds 
have different actions on die sperm cell [48]. Macaque 
sperm exposed to the phosphodiesterase inhibitor, caffeine, 
have been shown to initiate zona recognition and binding 
in four- to fivefold greater numbers than spenu exposed to 
only dbcAMP or controls, whereas dbcAMP has been 
shown to be most effective in promoting the acrosome re- 
action of spenu tiiat have completed zona binding [48 ]. The 
addition of caffeine alone, but not of dbcAMP, induced a 
significant loss of ESP13.2 from the sperm surface (data 
not shown), suggesting tiiat ESP13.2 may reside on the 
sperm receptor for zona pellucida and that it must be de- 
tached from the receptor before zona recognition and bind- 
ing. 

Clearly, a number of phosphodiesterases (PDEs) exist, 
and cAMP is anchored in various membrane locations so 
dial it can stimulate protein kinase A, either globally or 
within discrete domains [47, 49]. The A kinase-anchoring 
proteins are an expanding group of structural proteins, 
which allow for the subcellular targeting of messages to 
specific cellular compartments [50]. Recently, it was shown 
that PDE1A, a variant of PDE1, is linked to calmodulin 
and is peraianently in a state of activation (cAMP break- 
down). The inhibition of one or more PDEs could lead 
directly to a global cellular response, such as loss of 
ESP13'.2 from the entire spenn surface, or the enzyme 
could be stimulated locally and a more global response 
could be attained by activation of a cyclic nucleotide-gated 
channel, leading to membrane hyperpolarization [47, 51]. 
At least four separate plasma membrane domains exist in 
mammalian sperm, and ESP13.2 appears to uniformly coat 
each region, suggesting that hyperpolarization of the plas- 
ma membrane may be responsible for the uniform loss of 
ESP13.2 even diough the exact mechanism is not known 
[47, 52]. 

Recently, we reported that LSA completely blocked the 
fertilization of macaque oocytes in vitro [24]. Macaque 
spenn treated with LSA before or after washing and ca- 
pacitation had a dramatically decreased capability to rec- 
ognize and bind to zona pellucida [24], and zona pellucida- 
induced acrosome reactions were almost completely 
blocked [53]. In the present study, when sperm were pre- 
treated with LSA before washing and capacitation, includ- 
ing treatment with activators, no apparent loss of ESP 13.2 
from the spenn surface was observed, yet spenn exhibited 
normal hyperactivated motility characteristic of capacitated 
spenn (data not shown), as has been reported previously 
for LSA-treated spenn [53]. As such, intracellular physio- 
logical changes that result from capacitation still appear to 
occur in die presence of LSA; however, the release of sur- 
face-bound ESP13.2 is inhibited. This suggests that one 
portion of the capacitation process is perturbed by LSA. 
The retention of ESP13.2 as a result of LSA treatment like- 
ly is the sole basis for its antifertility effect on macaque 
spenn. The mechanism by which LSA impedes die loss of 
ESP13.2 is currently being investigated. 

Originally, ESP13.2 was described as a major secretory 
protein of the macaque epididymis, widi stmctural similar- 
ities to the defensin class of proteins [20]. Since then, HE2 
and ESC42 have been characterized as members of the p- 
defensin family of the innate immune system found within 
die primate epididymal tract [34, 54-56]. Some of these 
proteins are epididymal in origin and secreted into the lu- 
mina of different regions of the epididymis; odiers come 
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from the testes and are associated initially with the sperm 
[19]. 

The innate immune system is the first line of defense 
against the invasion of pathogens, such as bacteria, fungi, 
and viruses [57]. The defensins are key to this system and 
have the capability to kill a broad spectrum of pathogens, 
combating infections until other lines of immune defense 
can be mobilized [33]. A role for defensins in protecting 
the male reproductive tract from infection has only recently 
been recognized [19, 54]. It now appears that the P-defen- 
sms, which are produced by epithelial cells, can be strongly 
induced by various stimuli, such as bacterial lipopolysac- 
charides. It was recently noted that secretion of p-defensins 
in. the epididymis of mice and rats is androgen-dependent 
but is also stimulated by lipopoly saccharides [58, 59]. If 
the production of ESP 13. 2 is under androgen control, it 
would be secreted continuously, as required for its function 
as a sperm- coating protein involved in fertilization. 

An additional function for ESP 13. 2 can be envisioned in 
sperm protection, because the protein coats the entire sperm 
surface and is abundant within the epididymis. In mice, 
Bin lb is a hormonally regulated epididymal defensin, but 
its production is also stimulated by microbial assault [59]. 
It is not known whether ESP13.2 can function as an anti- 
microbial agent. Our amino acid sequence data suggest that 
sperm surface ESP13.2 is not cleaved, as would be required 
for antimicrobial activity. Metallo proteases, which are nu- 
merous on the sperm surface, have the capability to enzy- 
matically cleave defensins and, thus, to release the hydro- 
phobic tail from the antimicrobial peptide, but to our 
knowledge, no evidence suggests that this action takes 
place on sperm. The ESP 13. 2 may not have an antimicro- 
bial function, which is possible, because unlike other de- 
fensins, it has a unique, five additional amino acid sequence 
between the C3 and C4 regions. Because this inner core of 
the defensin molecule is very well conserved, the structure 
of ESP 13. 2 suggests either that its primary function is in- 
volved with capacitation and fertilization, rather than with 
immunity, or that this variation may be related to other, yet 
undiscovered antimicrobial activities. 

In primates, sperm are ejaculated into the vagina and 
must traverse a barrier of mucus to cross the cervix and 
gain access to the upper female reproductive tract [60]. Cer- 
vical mucus is a well-studied biological fluid that presents 
immunological and physical barriers to pathogen invasion 
[61]. The function of sperm surface defensins in the female 
tract is not readily apparent. The functions of sperm sur- 
face-coating proteins in the female reproductive tract before 
fertilization also are poorly understood. Their possible 
functions include alteration of surface charge to enhance 
sperm migration through cervical mucus [61] and preven- 
tion of premature or inappropriate acrosome reactions in 
the female tract [1]. Within the female tract, ESP13.2 may 
or may not act as a component of the immune system, but 
it clearly is involved in the sperm capacitation/iertilization 
process. Further investigation of this function will be im- 
portant for understanding causes of infertility as well as for 
contraceptive development. 
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♦ .rine spermatozoa (1469,1538,1539) suggests that cho- 
Sol lis one of the key molecules that alter the mem- 
rr. characteristics of spermatozoa during maturauon 
Stabilization of the membrane by cholesterol may 
[l beneficial to spermatozoa, which must travel through 
various, often hostile, microenvironments within the fe- 
male tract before reaching the eggs. 
The 'sperm plasma membrane has both membrane- 
1 5„tpmted arid surface-adsorbed proteins when spenna- 
L Saleave the testis (53,370,418,862). Some of these 
intrinsic proteins change their location in or on the 
olasiria membrane during sperm maturation. Others are 
Stereo, masked, or replaced progressively by new pro- 
teins of epididymal origin. The epididymis, in particular 
its caput and corpus segments, secretes a variety of pro- 
teins and some bind tightly to the spermatozoa 
(271,1133.1 134,1631). Some proteins arc modified 
L upon binding to the spermatozoa. Such dynamic mem- 
brane modifications occur throughout the male tract, 
but most actively in the caput and corpus epididymides 
where the spermatozoa acquire their fertilizing ability 
(1 12,1430,144,412,478,517,862,1 147,1363,1651). 

A steady increase in net negative surrace charge 
137 147.232,328,544) and dramatic changes in the 
ie^-blnding ability (147,211,351,361,1198,1716) of 
the sperm surface during epididymal maturation indi- 
cate active glycosylation (1011) of sperm surface compo- 
nents. This glycosylation seems to be mediated, at least 
in part, by galactosyltransferase and sialytransferase in 
the epididymal fluid (56,207,210,1604) as well as an a- 
lactalbuminlike substance (208,258). When spermato- 
zoa attain full maturity, some surface glycoproteins, ei- 
ther membrane-integrated or membrane-adsorbed, are 
located over the entire sperm head, whereas others are 
restricted to the acrosomal or postacrosomal region of 
the head (e.g., 412,1358,1359): Some of these glycopro- 
teins and polypeptides stabilize the plasma membrane 
and may prevent premature acrosome reactions (1401, 
1589). Others are believed to mediate interactions be- 
tween spermatozoa and the zona peQucida (1 146, 1358, 
1 359) or the egg plasma membrane (1 382) during fertil- 
ization. Perhaps, membrane components essential for 
cell survival (e.g, Na + -K + -ATPase) must be in the 
sperm plasma membrane all the time, but those that will 
later perform sperm-specific functions (eg., those assist- 
ing sperm survival in the female tract as well as those 
essential for sperm interactions with egg zona and 
plasma membrane) may be added to the sperm plasma 
membrane (or altered to active forms) white spermato- 
zoa are maturing in the epididymis. It is important to 
note thatmembrane alterations during epididymal matu- 
ration are not limited to the plasma membrane of the 
sperin head. Adsorption and/or integration of several 
specific glycoproteins and peptides on or in the plasma 
membrane of the tail are also well documented 
(83,88,363,478,932,1042,1325,1599,1623). Some of the 
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surface glycoproteins on the sperm tail may serve to pre- 
vent premature byperactivation. 



Maturational Changes in Sperm Structures Other 
than the Plasma Membrane 

Sperm structural components other than the plasma 
membrane also undergo changes during sperm matura- 
tion. Alteration in the distribution pattern of antigens on 
the outer acrosomal membrane (1363) is one example. 
This mav represent a preparation of the outer acrosomal 
membrane for subsequent fusion with the overlying^ 
plasma membrane during the acrosome reaction. Figure. 
6 illustrates the distribution of four rat antigens recog-f^ 
nized by monoclonal antibodies. Changes in the distri- 
bution pattern of these antigens during sperm matura- 
tion are well demonstrated. Here, special attention 
should be directed to the antigen recognized by antibody 
2D6. Although it appears as if a single antigen migrated 
from head to tail during maturation, in reality antibody , 

2D6 recognizes two separate antigens, one on the outer 
acrosomal membrane and the other on the tail plasma 
membrane (1363). As the outer acrosomal membrane 
and the plasma membrane are not connected, the anti- 
gen on the outer acrosomal membrane must be either 
removed or masked during sperm maturation. Later an- 
other antigen appears (or becomes reactive to the anti- 
body) on'the plasma membrane of the sperm tail. 

The acrosome undergoes gross morphological changes 
during epididymal maturation of spermatozoa in some 
species (e.g., the guinea pig, bush baby, pig-tailed mon- 
key, and marsupials) (44a,15 1,230,734). Molecular con- 
figurations of the acrosomal matrix and enzymes may 
change simultaneously^Sperm nuclei of most euthenan 
mammals do not undergo gross structural changes dur- 
ing epididymal maturation, but nuclear protamines are 
extensively cross-linked by disulfide bonds as spermato- 
zoa pass through the epididymis (47,273,386,1 139). The 
resulting rigidity of tbe nuclei (heads) seems to facilitate 
sperm passage through the rather "tough" zona pellu- 
cida by permitting the tail's thrust to be translated along 
the axis of the sperm head to the zona quite directly 
(731). Similarly, disulfide cross-linking of proteins of the 
outer dense fiber and fibrous sheath during sperm matu- 
ration (48) may serve to increase the bending force gen- 
erated by the axonemmae (734). 



CAPACITATTON OF SPERMATOZOA 

Spermatozoa that have matured in the epididymis are 
capable of moving actively, yetthey do not have the im- 
mediate capacity for fertilization. They gam this atohty 
after residing in the female tract for some period ot time. 
The physiological (functional) changes that render the 
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spermatozoa competent to fertilize are col^vdy catted 

^Tbe'aScovery of capacitation was the result of frus- 
trating attempts by pioneers who tried to fertile eggs./* 
vitro with ejaculated or cpididymal spermatozoa. Id 
1949 Noyes, Finkle, and Rocke found that rabbit sper- 
matozoa collected from either semen or the yas deferens 
were unable to fertilize eggs in the oviduct, whereas those 

spermatozoa that had resided in the oviducts of donors 
foi4to 8 hr could do »(1298). Perhaps these investga- 
tors did not fully realize the implication of their impor- 
tant findings and never published a fall paper on this 
subject Therefore, the credit for discovering capacita- 
tion must go to Chang (811,814) and Austin (17 21), 
who first documented the experimental evidence of the 
need for capacitation in the rabbit and rat. It was Thi- 
bault and his associates ( 1 584a) who made the first con- 
vincing report of successful in vitro fertilization (of the 
rabbit) using capacitated uterine spermatozoa. 
- Even today, over 40 years since the discovery of capa- 
citation, its molecular basis is not yet fouyuwterstood. 
Ho wever a major event in capacitafaon is believed to be 
the removal oraltetation of a stabilize or protective co at 
from the sperm plasma membrane, which sensitizes the 
V. membrane to the specific milieu of fertilization and, 
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FIG 6. Oiagrams snowing changes In the distri- 
bution pattern of rat sperm antigens during epi- 
dtdymal maturation. The antigen recognized by 
n^octonal antibody 1B6 Is on the P^mern- 
brane. Those recognized by antibody 5B1 and 
1B5 are on the outer acrosomal membrane. Tne 
antigen that binds to the antibody 2D6is on both 
the outer acrosomal membrane and the tail 
plasma membrane: Numbers (percent of sperm 
showing specific fluorescence) represent aver- 
ages of fouT : o seven experiments rounfled to 
the nearest factor of 10. (From ref. 1363.) 



^nr* imnortantly , to the target of spermatozo a-the 
6^(375,396,530,723,9,38,1434). 

are now able to capacitate fT a f a SSfSt 
variety! of mammalian species in vitro (see ^J**^ 
must keep in mind tha,t capacitation naturally takes 
S within thefemale tract, the physiology of which ,s 
under autonomic^erve and hormonal controls. 

Sperm Deposition, Storage, and Ascent 
in the Female Tract 

In a majority of eutherian mammals (e.g., cow, sheep, 
rabbit, and primates), semen is deposited in the anterior 
vagina during coitus. In others (e.g., pig, horse, do& and 
^rodents), the bulk of semen enters the > uterus £ 
rectly or is forced through the cervical canal ^coi- 
u^l060).Perbapstmsoceursmpartb^ 

arv relaxation of the cervix and vaginal contraction 

of semen deposition, the vast majority of s*™*™* 
are eliminated from the tract sooner orlater 
Minute fraction of spermatozoa migrate 
me site of fertilization (the ampulla or ^^* m * 
junction). For instance, in laboratory rodents the live 
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nxretrtP A m enzvmatically active acrosin by the glycol 
S^SZTSri-e fluid There is oo doubt that 
d^Sinoglycans stimulate the conversion of proa- 
STaaOSiB in test tubes (385), but how do such 
S molecule* like glycosamino^ycaas penetrate into 
2 Swne through both the plasma and acrosomal 
Shanes of spermatozoa? Whether acrosomal eo- 
■ Sve forms (185) or are converted to 

S« forms during capacitation is still open to debate. 




fciutnges in the Pla sma Membrane ^ 

the plasma membrane is directly exposed to 
theSacitating environment, it is not surprising that 
£*XJ f changes take place in ^embmne 

,n?Kko(395) postulated that the removal or alteratior 
^.material from the sp^g^conBg: 

S has accumulated (el. l'»g- 10) (104,266,267,35*. 
^1488,1696). The coating materials that are known 
5? fcSU to be removed or altered 
L include the so-called de^JJjg 7 ; 
1241 1322-1324), 5 to lOkDacaltnn (838 938,1153)^ 
Protein with Proteinase-inhibmnjacttvJ 
069) 15-; 16-, and 23-kDa glycoproteins (1344,1644) 
Xennmc 1428), all of seminal plasma origin and 
Ssome^tabilizing 125- to 259-kDapro^nof^ 

SSofpublicanons, only relatively few aructe con- 
Kng and/or adding new information about the 
Si ^alteration of sperm surface materials during 
capacitation will be cited here. 
^According to Okabe et at (356), ananUgenwh^hs^- 
cifically binds to the monoclonal antibody TSC4 is pres- 
ent on the plasma membrane over the entire acrosome 
of cauda epWdymal spermatozoa of themouse . Jj. 
antigen, of corpus epididymis origin, cannot be easily 
removed from the sperm surfaceby repeated washings, t 
Spgrs by the time spermatozoa enter the p^natd- 
UnTSce of the egg. This antigen ^ust be either ^ 
moved or altered (masked?) during capaatauon. Okabe 
et al (357) have reported another mteresUng mouse 
pel anti en. This antigen W hich binds «M» 
themonoclonal antibody OBF13 is not detoMHa on 
Cauda epididymal spermatozoa. It becomes detectable 
-oh £ head plWa membrane when the spermatozoa 
tV££ftttd in vitro- This antigen must be hidden 
' :ed) in fresh epididymal spermatozoa and then ex- 
during capacitation (Fig. 1 !)• . 

■^bhHBg caparitatidn include fibronectinhke molecules 
iSS^Khuman speno surface (967), T and S antigens on 
SSB»- Pig sperm head (1208), and a 37-kDa .protein 
Xe iBSF rat sperm head (1412). Shalg, et al. (1474) de- 
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PIG. 10. Surface rspilcas of the acrc^aJr^ono^naa 
^T«o«matozoa. During Incubation in a Bpemwsapacitanng 

T^Sffii (Provided by Dr. Daniel S. Friend.) 

Jusd a 40-kDa antigen, 2B1. by immunofluorescence 
uf£e tS region of uncapacitated tat spematozoa 
When me spermatozoa were capacitated, the antigen 
™ C l£cxJL the acrosomal cap region, no onger in 
^ tafl region. We might preliminarily 
S Question migrates from the tail to theacro^ 
maf region during capacitation, but serious conader- 
£p If needed here. Fust of all the 
cence technique used at the light microscopic level 
can^oUeted -whether the sperm membranes are intact^ 
SSn, or missing at the time of staining. As pomtedout 
SyfXsH. (1363), one monoclonal anubody may 
bind to two or more different antigens at different *es 
on to spermatozoon, one on the outer acrosomal mem- 
oranS for example, and the other on^ P^^nem- 
brane of the sperm tail. These two °£ 
connected during capaatation^d thcrefore^^aon 
of an antigen from one membrane to another cannor 
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Dissertation Abstract 

Breakdown products of the wood structural polymer lignin are major components in the 

effluent from commercial pulp and paper manufacturing mills. Polar lignin-derived 
macromolecules (LDMs) isolated from vastly different pulping processes and from 
different source wood have surprisingly similar properties and biological activity. Our 
group has previously reported that a LDM from bleached Kraft mill effluent (BKME) 
inhibits sea urchin fertilization by binding to sperm cells and blocking the egg jelly 
induced acrosome reaction. Lignosulfonic acid (LSA), an LDM from sulfite mill 
effluent, is structurally distinct from BKME-LDM and data presented herein indicate that 
it was a more potent inhibitor of fertilization. LSA ranged in molecular size from <3K to 
>300K, with higher molecular size fractions being the more potent inhibitors of 
fertilization. The mode of action of LSA on sea urchin fertilization was characterized by 
examining its effects on two critical prerequisite sperm-egg interactions: acrosome 
reaction induction by egg jelly and sperm-to-egg binding. LSA inhibited both of these 
processes at low concentrations. Microscopically, a biotinylated LSA derivative (LSA-b) 
bound to localized domains of the sperm surface, particularly over the head and 
acrosomal regions. The interaction of LSA with binding sites on the sperm surface was 
further characterized using a quantitative solid phase whole-cell binding assay and the 
LSA-b probe. LSA-b behaved in a manner consistent with receptor-ligand binding 
models in that its interaction with sperm was specific, saturable, kinetically dependent, 
and reversible. LSA specifically inhibited the binding of antibodies to proteins that 
entirely co-localize within its binding domain, sea urchin receptor for egg jelly (suREJ3) 
and bindin. These results support the hypothesis that LSA exerts its biological action by 
binding to key molecules involved in gamete recognition. 
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Chapter 1. Lignosulfonic Acid and other Polar Lignin-Derived 
Macromolecules Inhibit Sea Urchin Fertilization. 

ABSTRACT 

Polar lignin-derived macromolecules (LDMs) isolated from vastly different pulping 
processes and from different source wood have surprisingly similar properties and 
biological activity. Lignosulfonic acid (LSA) is a commercially available LDM from the 
acid sulfite processing of wood. LSA had a similar UV-visible spectra and 
electrophoretic profile as laboratory-isolated LDM from sulfite mill effluent but was 
distinct from bleached Kraft mill effluent LDM. Data from centrifuge filtration 
experiments and electrophoresis suggests that LSA ranges in molecular weight from 
>300K to <3K. Approximately 1/3 of the mass of whole LSA was <30K, 1/3 >30K to 
<100K, and 1/3 >100K. Poly aery lamide gel electrophoresis supports the notion that LSA 
has self-associative behavior, as LSA tends to form a high molecular weight smear and 
diffuse bands in the presence of the dispersant sodium n-dodecyl sulfate (SDS), but 
migrates as two tight bands under native (without SDS) conditions. The lower native gel 
band is associated with the <30K fraction while the upper band is present in fractions 
>30K. The biological activity of LDM isolated from pulp mill effluents and LSA 
fractions were compared using a sea urchin fertilization bioassay. LSA was a more 
potent inhibitor of fertilization than LDMs isolated from pulp mill effluents. LSA's 
potency as an inhibitor of fertilization was correlated to higher molecular weight fractions 
similar to results that have been previously reported for bleached Kraft mill effluent 
LDM. By contrast, the lowest molecular weight fraction of LSA (<3K) had an inverse 
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concentration response, where the lowest concentration was most toxic and the highest 
concentration the least toxic. 

INTRODUCTION 

Lignin is a natural, polymer that is a major component of all woody plants. 
Indeed, the root of the word lignin is the Latin, lignum, meaning wood. Lignin acts as a 
major structural molecule in plants by binding and stiffening cellulose fibers in and 
between cell walls, and also protects plant tissues by imparting resistance to microbial 
attack (Reid, 1995). The hydrophobicity of lignin aids plant physiology by retarding the 
diffusion of water across cell walls, particularly in xylem and phloem tissue (Lin and 
Dence, 1992). Lignin is biosynthesized from three types of phenylpropane units (Figure 
1.1a) that vary according to species, thus a 9-carbon unit is a common metric among 
lignin chemists. The specific chemical makeup of a lignin sample varies based on several 
different factors including wood species, age, tissue type, and morphological region 
(Hassi, 1985). Despite relatively simple building blocks, the structure of lignin is 
exceedingly complex and heterogeneous (Figure Lib) leading many to believe that it is 
formed by random polymerization. While lignin has been studied for over a century, 
most studies of lignin chemistry have focused on lignin derivatives since it has not been 
possible to separate lignin from its cellulosic companions in an unaltered state (Lin and 
Dence, 1992; Pearl, 1967). 

Many different methods are available to remove lignin from wood and each 
generates unique lignin-derived macromolecules (LDMs). Lignosulfonic acid (LSA), 
also known as lignosulfonate (Anonymous, 1999), is a readily available byproduct of the 
sulfite pulping of wood. In this process, wood is digested in an aqueous solution of sulfur 
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dioxide and base at high temperature. This results in the hydrolysis of the 
polysaccharide-lignin matrix, partial lignin depolymerization and creates a soluble, 
sulfonated, polydisperse lignin derivative. Sulfonation often occurs at the a or y carbon 
of the phenylpropane unit by nucleophilic substitution (Glasser et al, 1974; Glasser et al., 
1973; Gupta and McCarthy, 1968; Hassi, 1985). The LSA thus produced can be isolated 
as the salt of the base used, commonly Na + , Ca +2 , Mg +2 , or NH 4 + (Pearl, 1967). Due in 
part to its convenient water-solubility, LSA has been studied extensively, primarily for 
the purpose of better understanding the parent compound, lignin (Felicetta et al, 1956). 
Consequently, a great deal of physicochemical data has been gathered for this polymer. 

Commercially available LSA has a broad molecular weight range, from 5K to 
400K g/mol (Fredheim et al, 2002; Gardon and Mason, 1958). Ritter et al. (1950) 
established an average empirical formula for softwood LSA, 
C 9 H 7 5 O(OH)(OCH 3 )(SO 3 H) 0 5 . The degree of sulfonation varies from 0.4 to 0.7 S0 3 per 
C 9 unit in LSA fractions (Buchholz et al., 1992) and is generally lower as average 
molecular weight increases (Fredheim et al., 2002; Fredheim et al, 2003; Hassi, 1985). 
Despite its polydispersity, solutions up to 100 mg/ml LSA show very little change in 
viscosity (Browning, 1957; Fredheim et al., 2002). Since sulfonic acid groups are strong 
acids, LSA is anionic and soluble throughout the entire pH range (Rezanowich and 
Goring, 1960), although its charge density may vary due to the presence of some phenolic 
hydroxyl (Peniston and McCarthy, 1948) and carbonyl groups (Moacanin et al, 1955). 
LSA's affinity for cations is similar to that of commercial resins (Ernsberger and France, 
1948). Associated cations have a low degree of dissociation, but the dissociation is 
enhanced in the presence of simple electrolytes (Hassi, 1985). Iron is said to be difficult 
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to remove from LS A and reportedly partly responsible for the residual brown color of the 
molecule (Collins et al., 1977). 

One of the most prominent physicochemical properties of lignin-derived 
macromolecules is a pronounced tendency to form high molecular weight associated 
complexes in aqueous solution (Sarkanen et al., 1982). Counter ion concentration, pH, 
and dispersing agents can affect this association (Watanabe et al., 1993). LSA has been 
described as a microgel of associated micelles with a charged exterior and a relatively 
hydrophobic interior (Rezanowich and Goring, 1960). These micelles are compact 
spherical structures, composed of lightly charged large fragments surrounded by highly 
charged smaller molecular weight fragments (Fredheim et al., 2003; Hassi, 1985). LSA's 
anionic outer layer allows it to adsorb to cationic surfaces. Surprisingly, it can also 
simultaneously adsorb to hydrophobic surfaces by exposing it's non-polar core, 
suggesting a great degree of molecular flexibility (Hassi, 1985). This dual surface 
activity makes LSA a useful industrial product as a dispersant (in cement, printing ink, oil 
well drilling mud, and pesticides) as well as a binder (in animal feed pellets and 
ceramics). 

LSA reaches environmentally relevant concentrations in pulp mill effluent 
(Kringstad and Lindstrom, 1984) and as a dispersant in drilling muds (Carls and Rice, 
1984). Environmentally, most toxicological concerns are not focused on polar lignin- 
derived macromolecules, but on the small molecule components of the mixture in which 
they occur. Generally very low acute toxicity (Luscombe and Nicholls, 1973; Roald, 
1977) has been associated with LSA and other lignin derived macromolecules. In fact, 
lignin-derived macromolecules can be environmentally protective by sequestering some 
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organic contaminants and limiting their bioavailability (Kosikova et al., 1990; Kukkonen, 
1992; Kukkonen and Oikari, 1992). However, these macromolecules do affect some 
sublethal endpoints (Roald, 1977) and specific biological processes, particularly during 
reproduction and development (Cherr et al, 1987; Higashi et al., 1992; Pillai et al., 
1997). In the sea urchin, a lignin-derived macromolecule isolated from bleached Kraft 
mill effluent (BKME-LDM) inhibits fertilization without causing cytotoxicity to gametes. 
BKME-LDM binds to extracellular domains of the sperm cell and inhibits the acrosome 
reaction, yet pre-exposure to eggs does not inhibit fertilization (Pillai et al., 1997). While 
LSA is known to affect certain specific biological processes (Loomis and Beyer, 1953; 
Naess and Sandvik, 1973; Vocac and Alphin, 1969), its effect on sea urchin fertilization 
is unknown. One account notes that the aqueous fraction of lignosulfonate drilling mud 
inhibits reproduction in some annelids (Neff et al., 1981), however the causative agent 
was not identified. BKME-LDM is generated by very different chemistry than LSA and 
has distinct characteristics (Higashi et al., 1992). The following experiments will 
compare the physicochemical characteristics and biological activity of commercially 
available LSA as well as lignin-derived macromolecules isolated from raw sulfite mill 
effluent and bleached Kraft mill effluent. 

MATERIALS AND METHODS 

Chemicals 

All chemicals used were obtained from Sigma or Aldrich unless otherwise specified. 
BKME and sulfite mill effluent (SME) were all donated from pulp mills processing 
softwoods. Effluents were collected as 24-hour composite samples just prior to final 
discharge from the mill. The polar LDM fraction was isolated from these effluents 
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according to the procedures of Higashi et al. (1992) with minor modification. Briefly, 
this involved filtration and lyophilization of raw effluent, followed by sequential solvent 
(methylene chloride and acetonitrile) extraction and dialysis (3.5-kDa cutoff) against 
distilled water. The final product was lyophilized to dryness and kept desiccated at - 
20°C. Lignosulfonic acid, sodium salt (CAS 8061-51-6) was purchased from Aldrich 
Chemical Co. and similarly purified to remove contaminants. 

Centrifuge filtration 

LSA was fractionated using Centricon centrifuge filtration devices of various molecular 
weight cut off sizes (Millipore, Billerica, MA) according to manufacturers instructions. 
Generally, 2 ml of a 5-mg/ml aqueous solution of LSA was filtered through the device to 
a retentate volume of -100 ]A. In some instances, the retentate was subjected to 
additional "washes" by bringing the volume back to 2 ml with dH 2 0 and filtering again. 
Some filtrate samples were sub-fractionated with a lower molecular weight cut off 
- Centricon device (Figure 1.5 C, lane 3). Retentate and filtrate fractions were lyophilized 
and kept desiccated at -20°C until needed. 

Spectroscopy 

UV- visible spectrophotometry was conducted according to Higashi et al. (1992) using a 
Hewlett-Packard Model 8524A diode-array instrument and quartz cuvettes. The UV- 
visible absorbance spectra were measured from 190 nm to 800 nm. All solutions were 
made in deionized water and spectra were measured against a similar blank. 
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Electrophoresis 

Procedures for SDS and native (without SDS) polyacrylamide gel electrophoresis 
(PAGE) followed the guidelines set forth by Cherr et al. (1993). Electrophoresis was 
performed using a Bio-Rad Mini-Protean II dual slab cell (Bio-Rad Laboratories, 
Richmond, CA) and a Bio-Rad Model 1000/500 power supply. Pre-cast 4-15% or 4-20% 
gradient gels (Bio-Rad Laboratories) were loaded with 5-25 pig of sample per lane and 
run using standard Tris-glycine buffers. Gels were electrophoresed at a constant 150 V 
for 45 - 60 min in a 4°C cold box then stained with 0.5% alcian blue 8 GX cationic dye 
as previously described (Cherr et al., 1993). 

Fertilization Bioassay 

Gametes from Pacific purple sea urchins (Strongylocentrotus purpuratus) were 
collected by injecting adults with 0.5 to 1.0 ml of 0.5-M KC1 into the coelomic cavity via 
the oral peristomal membrane. Sperm were collected "dry" (undiluted) directly from the 
gonopores with a pipette and stored on ice in a capped tube. Eggs were spawned into 50- 
ml beakers filled with 0.7-/*m filtered sea water (FSW), carefully decanted to remove 
large debris and kept at 4°C until used. Sperm motility and egg morphological quality 
were assessed using standard criteria (Chapman, 1995; Cherr et al, 1987). Fertilization 
bioassay s were preformed according to guidelines described by Chapman (1995) and 
Pillai et al (1997). All experiments were conducted in artificial sea water (Cavanaugh, 
1978) buffered with 10 mM HEPES pH 8 (ASW-H, 490 mM NaCl, 27 mM MgCl 2 , 28 
mM MgS0 4 , 10 mM CaCl 2 , 10 mM KC1, 2.5 mM NaHC0 3 ) at 12°C. In order to ensure 
that sensitivity to LDM was not diminished with excess sperm, a sperm to egg ratio 
resulting in 70% to < 90% fertilization was determined for each batch of gametes 
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immediately prior to experiments. Sperm concentration was determined using a 
hemocytometer. Sperm were pre-exposed to an LDM for 10 minutes prior to the addition 
of eggs. Fertilization was allowed to proceed for 10 minutes then samples were fixed 
with 1% glutaraldehyde in ASW. As a control, eggs were pre-exposed to the highest 
LDM concentration for 10 minutes prior to the addition of sperm, given 10 minutes to 
fertilize then fixed as above. Two to four separate bioassays were performed for each 
LDM. Each bioassay consisted of one pair of urchins run in 3-4 replicate batches with 
100-300 eggs scored per replicate. Concentration-response data was normalized to 
controls using Abbott's formula as described in Chapman (1995). Each concentration- 
response data set was analyzed by non-linear regression with Prism software (version 4.0, 
GraphPad Software Inc., San Deigo, CA) to identify the 50% inhibitory concentrations 
(IC 50 ), Hill slope, and relevant statistics. Values with a /?<0.05 were considered 
significantly different. 

RESULTS 

Size fractionation ofLSA via centrifuge filtration 

LSA ranges in molecular weight from <3 K to >300 K based upon the 
operationally-defined molecular weight cut off (MWCO) values for the Centricon devices 
used (Figure 1.2). Each of the fractions indicated in Figure 1.2 represents the pooled 
filtrate from a thrice-washed sample of whole LSA (see Methods). Approximately 1/3 of 
the mass of whole LSA is permeable to a 30-K MWCO membrane, and 2/3 of the mass is 
permeable at 100-K MWCO. This distribution ratio is supported when samples are 
filtered in series as well. When a 100-K MWCO filtrate sample was again subjected to 
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centrifuge filtration at 30-K MWCO, the mass of the subsequent filtrate and retentate was 
each approximately 1/3 of the mass of the whole LSA equivalent (data not shown). 

Spectroscopy of LSA and effluent-LDM 

The UV- Visible spectrum of BKME-LDM differs considerably from that of LSA 
and SME-LDM (Figure 1.3A), whereas the spectra of the latter two are rather similar. As 
previously reported (Higashi et al., 1992), the spectrum of BKME-LDM has a maximum 
at 208 nm and no other prominent features. SME-LDM and LSA share the peak in this 
region (208 nm and 210 nm respectively), but also have a second peak at 280 nm that is 
indicative of aromaticity. Overall the absorbtivity of BKME-LDM is considerably lower 
than that of SME-LDM and LSA at similar concentrations. A comparison of the spectra 
of LSA filtrate fractions at different MWCO is illustrated in Figure 1.3B. While all the 
spectra share the same general features, an ordered decrease in absorbance is apparent 
with decreasing molecular size. The spectra of all retentate fractions (up to >300K) 
overlapped with that of whole LSA. There was no noteworthy absorbance measured in 
the 400 - 800 nm region for any of the samples. 

Polyacrylamide gel electrophoresis 

All LDM samples migrated as an intrinsically brown band that was visible 
without the aid of tracking dye in both native and SDS PAGE. This observation is 
identical to what has been previously reported for BKME-LDM (Cherr et al, 1993). 
Upon staining with alcian blue dye, however, there were notable differences and 
similarities (Figure 1.4). All samples shared a doublet-banding pattern in the low 
molecular weight region of the gel. These bands co-migrated among the different LDM 
samples. Unlike BKME-LDM, however, SME-LDM and LSA also ran as a broad smear 
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in the region above the two bands. The staining intensity of this smear increased as it 
approached the doublet bands with an abrupt decrease in stain intensity immediately 
proximal to the upper band (labeled "b" in Figure 1.4). The gels in Figure 1.4 were 
loaded with 25 ^g/lane of sample. Often a smear in PAGE gels is an indication of 
overloading. In order to test this hypothesis and gain better band separation, subsequent 
PAGE experiments were run on 4-20% gradient gels with 5 /ig/lane of sample (Figure 
1.5). When a lower mass of LSA was loaded onto gels with a wider gradient, a better- 
defined electrophoretic pattern emerged. The smear seen in Figure 1.4, while still present 
was much less pronounced and has a defined band at its leading front (Figure 1.5 A) lane 
1, band "c"). Two additional bands are evident below band "c", bands "b" and "a", each 
of which has a characteristic proximal region of lowered staining intensity. No staining 
was seen below band "a". 

SDS-PAGE of different fractions of LSA, isolated by centrifuge filtration, are 
also represented in Figure 1.5 A (lanes 2-5). Lanes 2 and 3 are respective retentate and 
filtrate fractions from a 100-K MWCO filter, and lanes 4 and 5 are respective retentate 
and filtrate fractions from a 30-K MWCO filter. These fractions are the result of a single 
pass through the filter. Each fraction gave a unique pattern of staining. In the filtrate 
lanes, 3 and 5, there is little to no smear staining in the region above band "c". While the 
smear is present in both retentate lanes (2 and 4) with a staining intensity equivalent to 
whole LSA (lane 1), staining of the bands in the lower molecular weight region was less 
intense in retentate fractions. Among the LSA fractions, the staining of band "c" was 
strongest in the 100-K filtrate (lane 3, <100K LSA) and 30-K retentate (lane 4, >30K 
LSA) suggesting that it is of intermediate size. 
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These LSA fractions were also electrophoresed under native conditions (Figure 
1.5 B). In the absence of the dispersant, SDS, a very different electrophoretic pattern 
appears. Under these conditions, LSA migrates as two closely associated bands with 
very little to no smear staining. The native bands are much more compact and have less 
staining intensity than their SDS counterparts. This pattern is also seen in the LSA 
fractions (lanes 2-5); however, the 30-K filtrate (lane 5, <30K LSA) appears to be a 
single band. 

Figure 1.5 C shows the results of SDS-PAGE on thrice- washed LSA fractions 
(see Methods). These fractions have a more distinctive pattern of staining compared to 
their single-washed counterparts in Figure 1.5 A, suggesting better separation. Band "c" 
is absent from all of the fractions. There is an ordered change in alcian blue staining 
among the different fractions as MWCO decreases. The lowest migrating band, band 
"a", seems to be associated with filtrate fractions (lanes 2, 4, 5), but excluded from 
retentate fractions (lanes 1 and 3). All fractions except for the lowest, the 3-K filtrate 
(lane 5, <3K LSA), have a lightly staining smear in the region between bands "a" and 
"b", as seen in other SDS-PAGE gels. Low molecular weight bands are absent from the 
100-K retentate fraction (lane 1); alcian blue stain appears as a smear only in the upper 
portion of the gel (bracket) and again in the low MW region. Two bands are evident in 
the 100-K filtrate fraction. Band "a" is absent in the fraction of 100-K filtrate that is 
retained by a 30-K MWCO filter (lane 3, <100K > 30K LSA). In this fraction, alcian 
blue stains a smear in the middle portion of the gel (bracket) characterized by increased 
intensity in the lower part of the smear, then an abrupt clear area proximal to the band 
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Effect on sea urchin fertilization 

Whole LSA and effluent-LDM samples all inhibited sea urchin fertilization when 
sperm were pre-exposed and the highest concentrations did not affect fertilization when 
eggs were pre-exposed. Concentrations of LSA up to 10 mg/ml had no noticeable effect 
on sperm motility and thus it was not deemed to be cytotoxic. LSA and SME-LDM were 
more potent inhibitors of fertilization than BKME-LDM (Figure 1.6 A) and had 
significantly different regression slopes. The toxicity of LSA fractions increased as 
average molecular size increased, yet the slopes of the regression lines were parallel 
(Figure 1.6B). The molecular weights indicated are reflective of the MWCO size of the 
filtration device used. Fractions greater than a given size are retentate fractions and those 
less than the stated size are filtrate fractions. The IC 50 for the 30K filtrate sample (<30 K) 
was estimated to be 34 //g/ml (based on regression extrapolation), since the highest 
concentration assayed for that fraction, 30 //g/ml, inhibited fertilization by 46.9%. 

While most concentration-response curves for the LSA fractions behaved in a 
predictable sigmoidal manner, the smallest fraction (<3K) did not, and seemed to have an 
inverse response. With this fraction, the lowest concentration (0.5 /*g/ml) was more toxic 
than the highest (50 //g/ml). This pattern was partially reflected in two other filtrate 
fractions, <100 K and <30 K (Figure 1.6C); partially reflected because the concentration- 
response only deviated from sigmoidal at the lowest concentrations. In the filtrate 
fraction <100 K, 0.5 /*g/ml was more toxic than 1 /*g/ml, but subsequent concentrations 
fit a sigmoidal dose response model. For the <30 K fraction, concentrations above 3 
ptglm\ fit a sigmoidal model, but an inverse concentration response was observed below 3 
/ig/ml. In order to see if the data fit to sigmoidal models, these anomalous data points 
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(0.5 pig/ml and 1 fig/ml for <30 K; 0.5 pig/ml for <100 K) were omitted in order to obtain 
non-linear regressions (solid lines in Figure 1.6 B and C), however, the full data set is 
represented by the dashed lines in Figure 1.6 C. 

DISCUSSION 

Lignin-derived macromolecules comprise the majority of high molecular mass material in 
pulp mill effluent (Kringstad and Lindstrom, 1984). The different chemistries used in 
Kraft and sulfite pulping produces water-soluble LDM with different characteristics. 
LDM from bleached Kraft mill effluent (BKME-LDM) has been characterized according 
to physicochemical properties and biological activity (Higashi et al., 1992). This LDM is 
a potent inhibitor of sea urchin fertilization, yet is not cytotoxic (Pillai et al., 1997). A 
wide range of biological activity has been attributed to LDM isolated from the sulfite 
process (i.e. LSA), however there is no definitive information regarding its effect on the 
reproduction of marine invertebrates. This study compared some of the physicochemical 
properties of the aforementioned LDMs as well as their ability to inhibit sea urchin 
fertilization. 

The UV-visible spectra of SME-LDM and LSA are characteristic of most lignin 
preparations (Pearl, 1967) and bear considerable resemblance to high molecular weight 
water-soluble humic and fulvic acids (Duarte et al., 2003). The similarities in the spectra 
of SME-LDM and LSA are to be expected since LSA is a product of the sulfite pulping 
process. Most of the absorbance of whole SME is attributed to LSA (Wildish et al., 
1976) or more accurately chlorolignosulfonic acids (van Loon et al., 1993). The 
prominent features of these spectra include a highly absorptive peak in the 208-210 nm 
region and another at 280 nm. The peak at 280 nm is indicative of aromaticity and is 
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likely the result of residual aromatic alcohols from the native lignin structure. BKME- 
LDM lacks this peak at 280 nm as previously reported (Higashi et aL, 1992). While UV- 
visible spectra do not provide much in the way of structural details, they are reflective of 
molecular structure. Thus, one can say that BKME-LDM has key structural differences 
compared to SME-LDM and LSA. These differences are further apparent when the 
samples are electrophoresed by SDS-PAGE (Figure 1.4). BKME-LDM runs primarily as 
two bands of relatively low molecular weight. SME-LDM and LSA share this banding 
pattern, but also consist of much higher molecular weight components. Softwood 
lignosulfonates have a higher degree of polydispersity compared to softwood Kraft lignin 
(Hassi, 1985), the origin of BKME-LDM. The observed differences in electrophoretic 
separation are consistent with the reported differences in polydispersity. Given the 
differences in the pulping processes it is remarkable that there are two bands that co- 
migrate among different LDMs. This may reflect some common aspect of the original 
lignin molecule. Lignosulfonic acids have been used as surrogates for the study of native 
lignin because relatively little structural degradation occurs during their solublization 
(Felicetta et al., 1956). Their high degree of polydispersity and absorbance at 280 nm is 
reflective of their lignin origin. Since these indicators are much less prominent in 
BKME-LDM it can be though of as a more degraded lignin derivative. 

Whole LSA and SME-LDM inhibited sea urchin fertilization in a sperm specific 
manner as has been previously reported for BKME-LDM. This inhibition occurred 
without noticeable cytotoxicity to the sperm cells (as determined by motility). Even 
though LSA and the effluent-LDMs act on sperm cells and without apparent cytotoxicity, 
there are differences in the response. The concentration of LSA required to inhibit 
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fertilization by 50% (IC 50 ) was nearly 3 and 5 times less than SME-LDM and BKME- 
LDM respectively (Figure 1.6). While the slopes of the regression curves were not 
significantly different between LSA and SME-LDM, the slope of the BKME-LDM curve 
was different. LSA is a product of the sulfite process, but is isolated prior to chlorine 
bleaching. SME-LDM and BKME-LDM have been subject to bleaching processes that 
may contribute to their decreased toxicity. Since the IC 50 and regression slope of LSA 
and SME-LDM are significantly different than that of BKME-LDM, the mechanism of 
inhibition may be altered for these derivatives. BKME-LDM is known to act by 
specifically blocking the acrosome reaction in sperm, a critical prerequisite for 
fertilization. LSA may block different precursory events or act on different cell 
receptors. Since aromatic activity is absent in BKME-LDM, charge or some other 
structural aspect is likely responsible for the basic biological activity of the LDMs. 

Lignin-derived macromolecules have a marked tendency to form high molecular 
weight associated complexes in solution (Sarkanen et al., 1982). Water-soluble 
sulfonated lignins associate in aqueous solution to form a "pseudo-macromolecule" 
microgel (Rezanowich and Goring, 1960) that has been described as compact spherical 
structure with an anionic surface and a hydrophobic interior (Fredheim et al., 2003). Less 
sulfonated molecules are likely surrounded by more sulfonated molecules and associated 
via hydrophobic interaction of their interior regions (Hassi, 1985). Smaller LSA fractions 
have been shown to be more highly sulfonated than larger fractions (Ernsberger and 
France, 1948; Fredheim et al., 2002) and would therefore occur on the outer surfaces of 
these micelles. Even though LSA forms aggregates consisting of heterogeneously sized 
fragments in solution, these can be separated relatively easily by centrifuge filtration. 
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Whole LSA was fractionated into different molecular size fractions using centrifuge 
filtration. Approximately 1/3 of the mass of whole LSA was permeable to a 30-K 
MWCO membrane, 1/3 was permeable to a 100-K MWCO membrane yet retained by the 
30-K, and 1/3 retained by the 100-K membrane (Figure 1.2). These distributions agree 
with the results of Gardon and Mason (1958), who reported that 35% of LSA is in the 
range of 10 K - 25 K. Fredheim et al. (2003) have recently reported very similar results 
using size exclusion chromatography. Despite differences in separation techniques, 
softwood species, the chemical structure of the parent lignin, and probable inter-facility 
differences in the pulping process the reported molecular weight distributions of LSA are 
fairly consistent (Glasser et al., 1974), although it has been reported that LSA generated 
from hardwood species has a much narrower molecular weight distribution. The general 
shape of the UV-visible spectra is fairly consistent among different LSA size fractions 
(Figure 1.3B), however there is an ordered decrease in overall absorbance with 
decreasing molecular size. These patterns have been reported in the literature as well and 
have been attributed to decreasing aromatic content with decreasing size (Felicetta et al., 
1956; Markham et al., 1949). 

Counter ion concentration, pH, and dispersing agents can affect the association of 
LSA in solution. Very different gel filtration chromatograms have been observed in the 
presence and absence of the dispersing detergent, SDS (Watanabe et al., 1993). 
Similarly, results presented herein show very different electrophoretic patterns in the 
presence and absence of SDS. As seen in the native PAGE gels (Figure 1.5B), LSA 
migrates as two very tight bands, whereas under SDS-PAGE three bands are apparent 
along with a high molecular weight smear. SDS likely disrupts the microgel associations 
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among LSA fractions allowing for better separation. The cationic dye alcian blue stained 
the bands on SDS-PAGE darker and with greater intensity than in the native gel. This 
observation suggests that some of LSA's anionic groups may be unavailable for staining 
in the native gel, and may reside on the interior of the compact LSA structure as has been 
noted elsewhere (Fredheim et al., 2003). Each LSA fraction isolated by centrifuge 
filtration resulted in a different electrophoretic pattern consistent with MWCO values, 
indicating that the isolated fractions are indeed of a narrower molecular size range than 
whole LSA. The fractions in Figure 1.5 A and B are the result of a single pass through 
the centrifuge filter. A clearer distinction between fractions is achieved in thrice-washed 
LSA fractions (Figure 1.5 C). In the thrice- washed 100-K retentate (>100K) fraction of 
LSA most of the alcian blue staining occurs in the high molecular weight region of the 
gel (lane 1, bracket). Some alcian blue staining is evident in the low molecular weight 
region of the gel as well, however bands are absent. Since the centrifuge filtration occurs 
in distilled water, some of the highly charged low molecular weight material is probably 
associated with the high molecular weight LSA in the retentate fraction despite multiple 
washes. The amount of this material is likely low since no distinct bands are formed, as 
is clearly evident in filtrate fractions. A more homogenous size fractionation would 
likely be achieved by the addition of a small amount of a dispersant, like SDS, in the 
LSA solution during the centrifuge filtration process. 

Generally, higher molecular size fractions of LSA were better inhibitors of sea 
urchin fertilization (Figure 1.6 B). Fractions retained by the 30-K MWCO membrane 
were more potent than whole LSA and seem to account for the majority of biological 
activity. Each fraction responded in a sigmoidal manner and there was no significant 
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difference in the slopes of the regression curves. Interestingly, other studies on the 
biological effects of LSA have also noted a graded response according to molecular 
weight. Higher molecular weight fractions of LSA have more anticoagulant and anti- 
proteolytic activity than lower molecular weight fractions (Loomis and Beyer, 1953; 
Naesset al., 1973). 

An atypical response was observed in the smallest LSA fraction (<3K, Figure 1.6 
C) and at low concentrations of the other filtrate fractions. In the 3-K MWCO filtrate 
fraction (<3K) the lowest concentration tested was more toxic than the highest. In the 
two other filtrate fractions, this pattern was partially reflected as only the lowest 
concentrations deviated from the sigmoidal response. This atypical concentration 
response seems to be driven by the smaller molecular weight fraction of LSA since the 
effect is more pronounced as MWCO decreases. Each filtrate fraction with an anomalous 
response includes all LSA sizes below the MWCO. These fractions can be considered 
"enriched" by mass for the smaller LSA fractions. This effect is not seen in a 100-K 
filtrate fraction that was retained by a 30-K MWCO filter (the <100 K >30 K fraction, 
Figure 1.6 B). Therefore it is likely due to these smaller LSA fractions. Smaller LSA 
size fractions are more heavily sulfonated than larger fractions. These fractions will 
likely be aggregated on the outer surface of a hypothetical LSA micelle, with the larger 
and less polar fractions on the interior. The way these small LSA fragments behave by 
themselves in solution at low concentrations is unknown and may be very different than 
in the presence of larger fractions. This behavior could affect their observed biological 
response. For example, at low concentrations in seawater, counter cations could act to 
"stabilize" smaller and more polar LSA fragments and inhibit their aggregation. It seems 
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that at low concentrations these highly sulfonated smaller fractions are more bioavailable 
and as concentrations increase bioavailability changes, perhaps due to the aggregation 
phenomenon. There may be other mechanisms of fertilization inhibition involved at 
these low concentrations. This too could change the concentration response. For 
example, sperm cytotoxicity and impacts to the egg were not specifically evaluated for 
those fractions, only whole LSA. It should be noted, however, that this effect is not 
observed at low concentrations of whole LSA. 

Polar lignin derived macromolecules from different sources and pulping processes 
seem to act similarly to inhibit sea urchin fertilization. The mode of inhibition may be a 
function of the unique physicochemical properties of these compounds. Despite that fact 
that many metric tons of LDM can be released into marine ecosystems in the vicinity of 
pulp mill effluent outfall and during drilling operations, it is thought that the 
environmental impacts of these compounds is minimal (Landner et al., 1994; Neff et al., 
1981). Even if the biological effect of LDM is solely on fertilization events, the 
ecological consequences on populations of free spawning invertebrates in the vicinity of 
LDM releases is difficult to predict since their larval stages are pelagic and the result of 
multiple adult spawning populations. However, it is unclear to what extent LDM affects 
larval settlement or other biological processes. Unpublished work in our laboratory has 
indicated that these compounds can affect specific events of embryonic development and 
fertilization in several marine species. LDMs also have known inhibitory effects on 
microorganisms (Naess and Sandvik, 1973; Sierra- Alvarez and Lettinga, 1991) that could 
extend to some which may play key environmental roles. Given the diverse biological 
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activities of LDMs, it is by no means certain that their presence in the environment is 
inconsequential. 
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Figure 1.1: Lignin monomers and model structure. (A) Nine carbon (C 9 ) 
phenylpropane units of lignin. (B) Simplified representation of a portion of a guaiacyl 
phenylpropane (softwood) lignin polymer (Reid, 1995). The fragment shown has a 
molecular weight of approximately 5700. 
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FIGURE 1.2: Molecular size distribution of LSA. Samples were lyophilized after 
separation and the fraction of whole LSA represented was based on mass. Each size 
fraction is labeled according to the nominal molecular weight cut off of the device 
used. Based on these results, one third of the mass of whole LSA is below 30K, one 
third between 30K and 100 K, and one third above 100K 
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FIGURE 1.3: UV- Visible spectra (A) LSA (max. 210nm, 280nm) and LDM isolated from 
sulfite mill effluent (SME; max. 208nm, 280nm) and bleached kraft mill effluent 
(BKME; max. 208nm). (B) Whole LSA compared to filtrate fractions (30 ptg/ml each). 
Retentate spectra overlapped that of whole LSA. In both A and B no prominent 
absorbance was observed between 400 and 800 nm. 



Chapter 1 24 



1 2 3 




FIGURE 1.4: SDS polyacrylamide gel electrophoresis of lignin-derived 
macromolecules stained with Alcian Blue. Gel was 4-15% with 25 pig loaded per lane. 
Lanes are: 1, BKME-LDM; 2, SME-LDM; 3, LSA. BKME runs in doublet bands as 
previously reported. LSA and SME-LDM run as a high molecular weight smear and 
doublet bands corresponding to the electrophoretic mobility of the BKME bands. 
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FIGURE 1.5: Polyacrylamide gel electrophoresis of LSA fractions stained with Alcian 
Blue. Gels are 4-20% with 5 pig LSA/lane. For gels A (SDS) and B (native) lanes 
are: 1, whole LSA; 2, >100K LSA; 3, <100K LSA; 4, >30K LSA; 5, <30K LSA. In A 
and B LSA fractions were washed once against a centrifuge filter of the indicated cut 
off size. Thrice washed LSA fractions are shown in gel C (SDS) and indicate that 
LSA can be separated into distinct fractions via centrifuge filtration. Gel C lanes are: 
1, >100K LSA; 2, <100K LSA; 3, <100K >30K LSA; 4, <30K LSA; 5, <3K LSA. 
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Figure 1.6. Inhibition of fertilization. 
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Solid lines represent nonlinear sigmoidal curve 
fits. 



Fraction 


IC 50 


95% CI. 


Slope 


95% CI. 


>100K 


0.7* 


0.6 to 0.8 


1.20 


0.96 to 1.44 


<100K>30K 


1.1* 


0.9 to 1.3 


1.16 


0.96 to 1.36 


LSA, whole 


2.3* 


2.1 to 2.5 


1.33 


1.23 to 1.58 


<100K 


3.3* 


2.6 to 4.3 


1.49 


0.87 to 2.10 


<30K 


=34* 


29 to 40 


1.07 


0.90 to 1.25 



*P<0.0001 

Toxicity of LSA fractions. The IC 50 are different 
for each fraction, however the slopes are not 
significantly different (P=0.28). The highest 
concentration tested for <30K was 30/^g/mL 



Concentration response data from LSA filtrate 
fractions. Each fraction shows a tendency to 
increase toxic response at low concentrations 
(<1 piglml) as indicated by the dashed lines. If 
concentrations <1 /*g/ml are omitted from the 
<100K and <30K data sets, the remaining data 
fit sigmoidal response models (solid lines). 



control 0.01 



Concentration (j*g/ml) 
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Chapter 2. The Inhibition of Acrosome Reaction Induction and Sperm to 
Egg Binding in the Sea Urchin by an Environmentally Present 
Polyanion, Lignosulfonic Acid 

ABSTRACT 

Breakdown products of the wood structural polymer lignin are major components 
in the effluent from commercial pulp and paper manufacturing mills. These lignin- 
derived macromolecules (LDMs) specifically inhibit a variety of cell-to-cell interactions. 
Our group has previously reported that a LDM from bleached Kraft mill effluent 
(BKME) inhibits sea urchin fertilization by binding to sperm cells and blocking the egg 
jelly induced acrosome reaction. Lignosulfonic acid (LSA), from sulfite mill effluent, is 
structurally distinct from BKME-LDM and is a more potent inhibitor of fertilization. 
Here the mode of action of LSA on sea urchin fertilization is characterized by examining 
its effects on two critical sperm-egg interactions: acrosome reaction induction and sperm- 
to-egg binding. The acrosome reaction in sea urchin is a receptor-ligand event induced 
by the fucose sulfate extracellular matrix of the egg known as the egg jelly. The egg jelly 
induced acrosome reaction is inhibited in a dose dependent manner when sperm are pre- 
exposed to LSA. Pre-exposure to LSA does not inhibit the artificial induction of the 
acrosome reaction with either ionomycin or NH 4 C1. The acrosome reaction is an 
exocytotic process that presents the protein bindin on the tip of the sperm to a sulfated 
glycoprotein receptor on the cell surface of the egg, resulting in sperm-to-egg binding. 
Sperm artificially induced to acrosome react (AR) were briefly exposed to LSA prior to 
egg introduction. Exposure to LSA dramatically reduced sperm-to-egg binding. In an 
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effort to identify cellular binding patterns for LSA, LSA was aminated with 
ethylenediamine then biotinylated with sulfo-NHS-LC-biotin. Biotinylated LSA (LSA-b) 
had a similar toxicological profile as "native" LSA for inhibition of fertilization; 
however, the aminated intermediate was only half as potent. LSA-b bound to the sperm 
head in a pattern similar to that observed for BKME-LDM. In AR sperm, the intensity of 
LSA-b label increased over the acrosomal region. The signal from LSA-b was quenched 
by the addition of a 100-fold excess of LSA. The observed binding patterns for LSA-b 
are consistent with its action as an inhibitor of the acrosome reaction and sperm-to-egg 
binding and indicate that LSA may bind to multiple cell surface proteins. 

INTRODUCTION 

Lignosulfonic acid (LSA, also commonly known as lignosulfonate) is a member 
of a family of related lignin-derived macromolecules (LDMs) that are formed as 
byproducts of the pulp and paper industry. LSA is derived from the sulfite pulping 
process whereby wood chips are extracted with acidic aqueous sulfur dioxide, resulting in 
the partial depolymerization, sulfonation and dissolution of lignin, to produce a cellulose 
fiber (Lin and Dence, 1992). The aqueous effluent of this process is believed to consist 
largely of the polar breakdown products of lignin such as LSA (Kringstad and Lindstrom, 
1984). LSA, which ranges in molecular mass from 3 kd to several hundred kd, is a 
sulfonated polyanionic macromolecule that retains the substituted guaiacylpropane 
backbone of native lignin (Hassi, 1985; Lin and Dence, 1992; Pearl, 1967). 

LSA has been shown to have interesting biological activities such as macrophage 
activation (Suzuki et al., 1989a) and inhibition the human immunodeficiency virus (HIV) 
in vitro (Sorimachi et al., 1990; Suzuki et al., 1989b). Similar to other polyanionic 
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macromolecules, notably sea urchin egg jelly fucose sulfate and fucoidan, LSA is a 
potent anticoagulant (Loomis and Beyer, 1953; Pereira et al., 1999). LSA is virtually 
nontoxic when administered orally to rats (LDso 40 g/kg) and has been used for many 
years as an animal feed additive because of its antipepsin activity and the protection it 
provides against the development of gastric ulcers (Luscombe and Nicholls, 1973; Vocac 
and Alphin, 1968; Vocac and Alphin, 1969). As a component of pulp mill effluent the 
toxicologic effects of LDMs and LSA on freshwater and marine organisms have been 
investigated (Cherr et al, 1987; Higashi et al., 1992; Roald, 1977). Acute toxicologic 
effects to whole organisms were minor, however LDM derived from bleached Kraft mill 
effluent (BKME) has been shown to inhibit external fertilization and development in 
number of non-mammalian species (Cherr et al., 1993; Higashi et al., 1992; Pillai et al., 
1997). 

In the sea urchin, BKME-LDM inhibits fertilization without cytotoxicity. 
BKME-LDM binds to extracellular domains of the sperm cell and inhibits the acrosome 
reaction, yet pre-exposure to eggs does not inhibit fertilization (Pillai et al., 1997). The 
extracellular matrix of the sea urchin egg, a fucose sulfate polymer known as egg jelly, 
triggers the acrosome reaction. LSA inhibits fertilization in the sea urchin similar to 
BKME-LDM and its contraceptive activity is also aimed at the sperm cell (Chapter 1). 
The fertilization cascade in sea urchins can be inhibited at the level of the sperm cell in 
several ways including: sperm cell cytotoxicity, inhibition of acrosome reaction, 
inhibition of sperm-to-egg binding, and inhibition of sperm-to-egg fusion (Vacquier et 
al., 1995). Since the lack of cytotoxicity due to LSA was established in Chapter 1, this 
paper examines the ability of LSA to inhibit two initial receptor mediated and species 
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specific (Ohlendieck and Lennarz, 1996) events in sea urchin fertilization: acrosome 
reaction induction and sperm-to-egg binding. Both of these events involve the interaction 
of sulfated oligosaccharides with receptor proteins and have been shown to be inhibited 
by some sulfated polyanions (Dhume and Lennarz, 1995; Glabe et al., 1982; Pillai et al, 
1997; Vacquier and Moy, 1997). Data presented herein shows that LSA inhibits both of 
these processes. This paper also describes the sub-cellular localization of LSA on sperm 
cells and lays the groundwork for subsequent receptor based investigations of LSA's 
mode of action. 

MATERIALS AND METHODS 

Chemicals 

All chemicals used were obtained from Sigma or Aldrich unless otherwise 
specified. Lignosulfonic acid, sodium salt (LSA) was obtained from Aldrich and 
additionally purified as described previously. 

Gamete collection. 

Gametes from Pacific purple sea urchins {Strongylocentrotus purpuratus) were 
collected by injecting adults with 0.5 to 1.0 ml of 0.5-M KC1 into the coelomic cavity via 
the oral peristomal membrane. Sperm were collected "dry" (undiluted) directly from the 
gonopores with a pipette and stored on ice in a capped tube. Eggs were spawned into 50- 
ml beakers filled with 0.1-ptm filtered sea water (FSW), carefully decanted to remove 
large debris and kept at 4°C until used. Sperm motility and egg morphological quality 
were assessed using standard criteria (Chapman, 1995; Cherr et al., 1987). 
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Egg jelly isolation and quantification. 

To isolate egg jelly, eggs were gently re-suspended and kept agitated with a slow stream 
of air bubbles. The pH of the suspension was lowered to 4.8-5.0 for 3-5 minutes using 1- 
M MES (2-morpholinoethanesulfonic acid) then raised to 7.8 with 1-M Tris (tris 
(hydroxymethyl) aminomethane). Eggs were sedimented by gentle hand centrifugation. 
The supernatant was removed and centrifuged at 30,000g (4°C) for 30 min (Lutz and 
Inoue, 1986; Weidman and Kay, 1986). The resulting egg jelly supernatant was 
concentrated using Centricon Plus-20 (Millipore, Billerica, MA) devices, according to 
manufacturers instructions, and stored in aliquots at -80°C until needed. Fucose content 
of egg jelly was determined by the phenol-sulfuric acid method (Dubois et al., 1956) as 
modified by Vacquier (Vacquier and Moy, 1997). Briefly, 0.1 ml of egg jelly was mixed 
with 0.1 ml of aqueous phenol (5%, v/v). The phenolic egg jelly solution was vortexed 
as 1 ml of concentrated H 2 S0 4 was added. Absorbance (487 nm) was measured after 2 
minutes at 23°C and compared to a fucose standard curve. 

Acrosome reaction induction and evaluation. 

Dry sperm was diluted 1:2000 (approx. 10 7 cells per ml) with 0.45-^m FSW 
buffered with 10-mM HEPES (pH 8.0) and pre-incubated with a dose range of LSA for 
10 min at 12°C (Pillai et al., 1997; Vacquier, 1986). Acrosome reactions were induced 
by the addition of con-specific egg jelly or 10-//M ionomycin (Calbiochem, San Diego, 
CA). Ten minutes after induction, sperm were fixed with fresh 3% paraformaldehyde in 
artificial seawater, and 500 ]A of the fixed sperm suspension was placed onto 12-mm 
poly-L-lysine coated glass coverslips in a 24-well ELISA plate. The plate was 
centrifuged at 700g for 10 minutes at 12°C. Coverslips were washed twice with HEPES 
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buffered saline (HBS, 10-mM HEPES, 150-mM NaCl, pH 8) and cells permeabilized 
with 0.1% Triton/ 0.2% BSA. After 2 more HBS washes, coverslips were blocked with 
9% non-fat milk/HBS and a 1:40 dilution of phalloidin-Alexa 488 (Molecular Probes, 
Eugene OR) added. Coverslips were mounted onto glass slides with n-propyl gallate 
mounting media. Acrosome reacted (AR) sperm were scored using an Olympus 
BX50WI epifluorescence microscope under a UV-corrected 60x oil immersion objective 
(Figure 2.1) or via phase contrast microscopy with an Olympus BH-2 microscope and a 
lOOx oil objective. Dim focal points of fluorescence at the sperm head, representing the 
F-actin-containing actomere (Tilney et al, 1978), were scored as background or non- 
reacted (AI, Figure 2.1 A). Bright and large or elongated fluorescence at the sperm head 
was scored as acrosome reacted (AR, Figure 2.1 B, C, D). Sperm from individual males 
was scored in replicate batches with at least 100 sperm counted per replicate. Dose 
response data was normalized to controls using Abbott's formula as described in 
Chapman (1995) and transformed to probit units to identify the 50% inhibitory 
concentration (IC 50 ) for LSA (Rand, 1995). For clarity, captured fluorescent pseudo-color 
images were overlaid on their transmitted light Nomarski differential interference 
contrast (DIC) counterparts using MetaMorph® image analysis software (Universal 
Imaging Corp., Downington, PA). 

Sperm to egg binding assay. 

Eggs dejellyed by gentle pH shock (as previously described) were rinsed with 
artificial sea water (Cavanaugh, 1978) buffered with 10-mM HEPES pH 8 (ASW-H, 490 
mM NaCl, 27 mM MgCl 2 , 28 mM MgS0 4 , 10 mM CaCl 2 , 10 mM KC1, 2.5 mM 
NaHC0 3 ) and adjusted to 10 4 eggs/ml. Fresh dry sperm was diluted 1:250 in ASW-H 
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containing 20-mM NH 4 C1 in order to induce acrosome reaction (Garcia-Soto et al., 1985; 
Garcia-Soto et al., 1987). Thirty seconds were allowed for induction to commence then 
LS A was added to a final concentration of 5 mg/ml and the suspension gently mixed for 1 
minute. Aliquots of this suspension were added to dejellyed eggs so that the final ratio of 
sperm to egg was 1000-3000. Sperm were allowed 30 seconds to bind eggs then the 
suspension was fixed with 1% glutaraldehyde. Fixed eggs were washed with ASW-H to 
remove unbound sperm, and then Hoechst 33342 dye was added for 5 minutes to assist in 
identifying sperm attached to the egg. Eggs were rinsed twice more to remove free 
Hoechst dye. Bound sperm were visualized on an Olympus BH-2 epifluorescence 
microscope with phase-contrast optics using a 40x objective and a UV filter. Sperm per 
egg were scored by counting the number of nuclei bound to the perimeter of the egg in 
the widest plane of focus in a stepwise manner (Figure 2.3 A). Only eggs where the 
vitelline layer had not yet elevated were scored and at least 100 eggs were scored per 
treatment. 

LSA Conjugation with sulfo-NHS-LC-biotin. 

Based on the presence of free aldehyde functional groups (Cherr et al., 1993; 
Hassi, 1985; Lin and Dence, 1992), LSA was biotinylated using a modified procedure for 
protein biotinylation (Hermanson, 1996) as we have previously described (Tollner et al., 
2002). This procedure introduces an amine group at aldehyde sites in LSA then sulfo- 
NHS-LC-biotin binds to available amine groups (Figure 2.4 A). Purified LSA (as 
described above) was aminated by reaction with ethylenediamine in borate buffer. The 
reaction was stopped with 2-M glucose after 1 hour and the aminated LSA (LSA-NH) 
dialyzed extensively at 3500 molecular weight cutoff (3.5-K MWCO Slide-A-Lyzer, 
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Pierce Chemical Company, Rockford II) against phosphate buffer, pH 7.2. Sulfo-NHS- 
LC-biotin (Pierce) was added to the dialyzed LSA-NH solution to a final concentration of 
5 mM for 1 hour at room temperature. The reaction mixture was dialyzed (3.5-K 
MWCO) first against 5 mM HEPES, pH 8.0 for 24 hours and then into distilled water for 
an additional 24 hours. The resulting solution of biotinylated LS A (LS A-b) was divided 
into aliquots lyophilized and stored desiccated at -20°C. 

Fertilization bioassays. 

Fertilization bioassays were performed according to guidelines described by 
Chapman (1995) and Pillai et al. (1997). All experiments were conducted in ASW-H at 
12°C. In order to insure that sensitivity to LSA was not diminished with excess sperm, a 
sperm to egg ratio resulting in 70% to < 90% fertilization was determined for each batch 
of gametes immediately prior to experiments. Sperm concentration was determined using 
a hemocytometer. Sperm were pre-exposed to LSA for 10 minutes prior to the addition 
of eggs. Fertilization was allowed to proceed for 10 minutes then samples were fixed 
with 1% glutaraldehyde in ASW. In order to confirm that LSA did not affect eggs, eggs 
were pre-exposed to LSA for 10 minutes prior to the addition of sperm, given 10 minutes 
to fertilize then fixed as above. Two to four separate bioassays were performed for each 
LSA derivative. Each bioassay consisted of one pair of urchins run in 3-4 replicate 
batches with 100-300 eggs scored per replicate. Dose response data was normalized to 
controls using Abbott's formula as described in Chapman (1995) and transformed to 
probit units to identify IC 50 values (Rand, 1995). Significant differences in IC 50 values 
were evaluated using one-way ANOVA and specific differences between treatments 
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identified with a Bonferroni post-hoc test. Values with a /?<0.05 were considered 
significantly different. 

Localization of LSA on sperm. 

Fresh motile sperm were fixed with 1% paraformaldehyde in ASW, diluted to 
1:4000, and 500 ]A aliquots added to a 24- well immunoassay plate (Nunc, Rochester NY) 
containing poly-L-lysine coated 12 mm round glass coverslips. Cell adhesion to 
coverslips was encouraged by centrifugation at 700g for 10 minutes. Coverslips were 
rinsed with HBS, nonspecific binding blocked with 9% non-fat milk in HBS, and 
incubated with LSA-b. After an additional HBS rinse, coverslips were immersed in ice 
cold 55% ethanol/HBS for 10 minutes to stabilize LSA binding (Pillai et al, 1997), then 
rinsed again with HBS and re-blocked with Pierce SuperBlock (Pierce Chemical Co., 
Rockford II). Monoclonal mouse anti-biotin conjugated with Alexa 488 (Molecular 
Probes, Eugene OR) was added at a 1:100 dilution in SuperBlock for 1 hour, coverslips 
given a final rinse with HBS and mounted onto slides with n-propylene glycol mounting 
media and sealed with Revlon "Orange Flip" nail polish. Cells were evaluated on an 
Olympus BX50WI epifluorescence microscope using a UV-corrected 60x oil immersion 
objective. Captured fluorescent pseudo-color images were overlaid on their transmitted 
light Nomarski DIC counterparts using MetaMorph image analysis software. All images 
were captured with the same microscope, camera and software settings. No non-specific 
binding to sperm (+/- LSA) was observed in control slides where con-specific serum or 
ascites was substituted for antibody. 
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RESULTS 

LSA inhibits the egg jelly induced acrosome reaction. 

Acrosome reaction induction experiments were performed with the minimum 
concentration of egg jelly that produced at least 50% AR sperm. In order to determine 
this optimal egg jelly concentration, an egg jelly dose-response for acrosome reaction 
induction was evaluated at 0, 2, 6, 20, and 47 pig fucose equivalents/ml +/- 0.1 mg/ml 
LSA. The lowest optimal concentration was 20 ^g fucose equivalents/ml for this isolated 
e gg J e lly- This egg j e Hy concentration induced acrosome reaction in an average of 58.5% 
of sperm at a cell density of 10 7 sperm/ml (Figures 2.1 B, 2.2 A). In the presence of 0.1 
mg/ml LSA, the efficacy of this concentration of egg jelly to induce acrosome reaction 
was reduced to 20.5% (Figures 2.1 D, 2.2 A). As a positive control for each male, AR 
sperm were produced with ionomycin (10 pM) +/- 1.0 mg/ml LSA. Approximately 90% 
of sperm underwent acrosome reaction in the presence of ionophore irrespective of the 
presence of LSA (Figures 2.1 C, 2.2 A). A dose response relationship for LSA was 
evaluated using the egg jelly induced acrosome reaction (at 20 \a% fucose/ml egg jelly) as 
an endpoint (Figure 2.2 B). The IC 50 for inhibition of acrosome reaction was 0.063 
mg/ml LSA at 10 7 sperm/ml. 

LSA inhibits sperm to egg binding. 

Sperm-to-egg binding was assessed microscopically by counting Hoechst 33342 
stained sperm nuclei on the egg surface (Figure 2.3 A, B). Since the incubation period 
with Hoechst was brief, egg nuclei were not stained. Sperm binding to the egg was 
reduced by an order of magnitude in response to a brief pre-exposure to LSA (Figure 2.3 
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C). LSA inhibited sperm-to-egg binding whether or not sperm were induced to acrosome 
react. 

Establishment of a stable LSA-biotin conjugate as a probe. 

The two-step reaction scheme for LSA biotinylation is shown in Figure 2.4 A. 
Ethylenediamine was used to aminate free aldehyde groups on LSA then a biotin tag was 
conjugated to available amine groups with sulfo-NHS-LC-biotin (see Methods). Several 
attempts were made to attach labels to LSA using hydrazide methodology as previously 
described (Pillai et al., 1997). These attempts were successful, however the biotinylated 
product formed via hydrazide chemistry was less stable over time compared to the 
amination product (data not shown). 

Fertilization bioassay with LSA conjugates. 

LSA derivatives inhibit fertilization, however they differed in their potency 
(Figure 2.4 B). Slopes of probit regression were parallel and calculated IC 50 values for 
LSA and LSA-b were not significantly different. By comparison, the intermediate 
product LSA-NH, was approximately 3-fold less potent (higher IC 50 , /?=0.002, 0.01 for 
LSA and LSA-b respectively) and exhibited a shallower probit slope. A change in IC 50 
and slope may indicate that the interaction of LSA-NH with sperm cells could be altered 
from that of LSA or LSA-b. 

Localization of LSA-biotin on sea urchin sperm. 

LSA-b bound to sperm cells in specific labeling patterns. Signal from the Alexa- 
488 label occurred over the head of the sperm in either AR or AI cells (Figure 2.5). 
Neither midpiece nor tail were labeled. The binding pattern in AI sperm was similar to 
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that of other LDMs (Pillai et al., 1997). In AR sperm, there was a marked localized 
increase in label intensity over the acrosomal region (Figure 2.5 B). Several different 
controls were used to evaluate binding specificity. No label was observed in control 
slides incubated with unconjugated LSA and secondary antibody. Very little to no label 
was observed in slides co-incubated with LSA-b and a 100-fold excess of unconjugated 
LSA (Figure 2.5 F). Control sperm, permeabilized with Triton prior to LSA-b addition 
showed a signal distributed throughout the cell (Figure 2.5 E), an indication that the 
signal seen in unpermeabilized sperm was extracellular. LSA binding was "fixed" via 
precipitation by the addition of 55% ice-cold ethanol according to the procedure of Pillai 
et al. (1997), in most labeling experiments. Controls that omitted this ethanol fixation 
step displayed similar, yet more specific binding patterns compared to ethanol fixed 
slides, particularly in AR sperm (Figure 2.5 C, D). 

DISCUSSION 

Lignin is one of the most abundant organic polymers on earth. It is a structural 
molecule found in all woody plants generally made up of randomly coupled substituted 
phenylpropane units (guaiacyl- and syringyl-), which form a three dimensional 
structurally heterologous scaffold (Pearl, 1967). The exact structure of lignin has eluded 
definition since the composition of the molecule varies across species and among 
individuals making it one of the most complex natural polymers known in terms of 
structure and heterogeneity (Lin and Dence, 1992). Lignin-derived macromolecules are 
generally polyanionic breakdown products of lignin that result from the commercial 
pulping of wood. Despite the fundamentally different chemical procedures used for 
lignin dissolution and the heterologous chemical nature of lignin itself, LDMs from 
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different pulp mill processes have surprisingly similar and specific biological activities 
(Chapter 1). Evidence presented here shows that LSA, an LDM from acid sulfite mills, 
binds to domains on the head of sea urchin sperm and inhibits two species-specific 
receptor mediated events in fertilization: acrosome reaction and sperm-to-egg binding. 

In an effort to identify binding patterns for LSA, a novel procedure to create a 
biotinylated LSA probe for cellular labeling was developed. Several attempts were made 
to attach labels to LSA using hydrazide methodology as previously described (Pillai et 
al., 1997). While these methods were successful, biotinylated LSA thus labeled seemed 
to deteriorate over time (data not shown). The deterioration may be due to the 
breakdown of the hydrazone linkage created when using this chemistry. Unstable 
hydrazone linkages are typically reduced with sodium cyanoborohydride, in order to 
increase to reaction efficiency when carbohydrates are labeled (Hermanson, 1996). 
However, exposing LDMs to reducing agents has been shown to reduce their bioactivity 
(G. Cherr and R. Higashi, unpublished observations). The amine procedure (Figure 2.4 
A) avoids the need to reduce the product in order to create a stable conjugation. 
Moreover, wide varieties of probes are commercially available, incorporating reactive 
sulfo-NHS esters as functional groups (Pierce Chemical Co., Rockford II), which can be 
directly substituted in place of sulfo-NHS-LC-biotin according to this procedure. 

Several attempts were made to quantify the extent of biotinylation on LSA using 
the HABA (2-(4' -hydroxy azobenzene) benzoic acid, Pierce Chemical Company, 
Rockford, II) assay as described by Pillai (1997) for LDM from bleached Kraft mill 
effluent. This assay relies on a quantitative decrease of absorbance (at 500 nm) when 
biotin is added to a solution of HABA dye and avidin. While the assay worked with free 
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biotin in solution, it was not successful with LS A. Increasing concentrations of LS A and 
LSA-b resulted in increasing absorbance values. One explanation may be that the avidin 
protein bound to LSA, since changes in absorbance were concentration dependent 
regardless of its biotinylation status. Non-biotinylated LSA did not interact with 
NeutrAvidin™ (Pierce) nor streptavidin, however, neither of these molecules may be 
substituted in the HABA assay for avidin (Pierce Chemical Company, personal 
communication). NeutrAvidin™ is an avidin derivative that has been deglycosylated and 
had charged groups on its surface modified to give a relatively neutral isoelectric point. 
If LSA binds to avidin, presumably LDM from BKME does not. This observation 
illustrates how LDM's from different sources have different affinity for biological 
molecules. Such a difference suggests that a relationship exists between the structure of 
LDMs and their activity. One difference between the two LDM molecules that has been 
related to differences in biological activity is their molecular weight ranges (Chapter 1). 

Somewhat surprisingly, the intermediate conjugation product, amine-LSA (LSA- 
NH), was less effective at fertilization inhibition than the biotinylated final product 
(LSA-b) and the original material (Figure 2.4 A, B). One explanation of this result is that 
the addition of the amine cation to LSA actually changed the way it interacts with 
binding sites on the sperm surface and/or altered the way anionic groups are presented on 
the surface of LSA-NH. Ethylenediamine will react with carboxyl groups in LSA as well 
as aldehydes (Hermanson, 1996; Lin and Dence, 1992). In neutral pH ranges, for every 
carboxyl that is replaced by an amine, there is a net change in charge of +2 (negative to 
neutral to positive) and for aldehydes the net change is +1 (neutral to positive). Adding 
such cationic functionalities to the structure of LSA would likely result in conformational 
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changes as salt bridges are formed between cationic (amine) and anionic (sulfonate) 
groups. Replacing the amine cation with neutral biotin results in a net change in charge 
of -1 at each point of substitution and would liberate LSA-b's anionic groups so that they 
can interact with the sperm surface more like "native" LSA. These results illustrate the 
importance of anionic charge and conformation to the overall bioactivity of LSA. 
Gestwicki (2002) points out that altering the valency of a multivalent biologically active 
ligand (like LSA) can alter its activity. 

LSA binds to sea urchin sperm in a pattern similar to that reported for other 
LDMs (Pillai et al., 1997). Here the binding of LSA to acrosome reacted sea urchin 
sperm is reported for the first time (Figure 2.5). The specific pattern of LSA-b binding 
suggests that it may be interacting with specific cell surface receptors. The secondary 
antibody did not recognize unconjugated LSA and a lOOx concentration of unconjugated 
LSA quenched the labeling specificity of LSA-b (Figure 2.5 F). The latter observation is 
an additional indication that LSA is binding to specific cell receptor sites. Due to the size 
and polarity of LSA it is thought to interact with extracellular domains of the sperm. 
Cells permeabilized with Triton X-100 prior to LSA-b treatment were labeled throughout 
the cell (Figure 2.5 E) in contrast to the localized labeling of unpermeabilized cells. 
These results confirm that LSA binds to localized surface sites on unpermeabilized cells. 
LSA binding is thought to be stabilized or "fixed" by the addition of 55% ethanol prior to 
slide processing (Pillai et al., 1997). Ethanol is known to be able to precipitate LSA out 
of aqueous solutions (Hassi, 1985; Lin and Dence, 1992) and may actually precipitate 
LSA onto the surface of the cell. In Al sperm, the general binding pattern was similar 
between ethanol treated and untreated cells (Figure 2.5 A, C). The label was localized to 
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the sperm head in both, but appeared more punctate in cells without ethanol. A more 
dramatic difference was seen in AR sperm, where the label in ethanol untreated sperm 
was focused on the acrosomal tip rather than over the entire head (Figure 2.5 B, D). 
Without further experimentation the reasons for this difference are difficult to explain. It 
is known that some sperm membrane proteins are shed during AR. What is clear is that 
in AR sperm LSA displays a strong affinity for the acrosomal tip, presumably the protein 
bindin. Other sulfated macromolecules have been reported to bind to sea urchin sperm 
bindin and to domains on mammalian sperm (DeAngelis and Glabe, 1987; DeAngelis 
and Glabe, 1990; Huang and Yanagimachi, 1984; Mahony et al, 1993). Using the same 
labeling techniques, we have recently reported the binding patterns of LSA on macaque 
sperm (Tollner et al, 2002). 

The jelly coat of the egg stimulates the echinoid sperm acrosome reaction. The 
egg jelly component of the sea urchin egg consists of a large fucose-sulfate polymer mesh 
with associated proteins. While the majority, if not all, of the acrosome reaction inducing 
activity has been attributed to the purified fucose sulfate polymer (Alves et al., 1997; 
Vacquier and Moy, 1997) attaining greater than about 75% AR sperm requires whole egg 
jelly, including associated proteins (Vacquier and Moy, 1997). Female S. purpuratus can 
produce two structurally distinct types of egg jelly sulfated fucan, each with equal overall 
potency for acrosome reaction induction (Alves et al., 1998). Sperm from individual 
males, however, show considerable variability in response to the purified fucose sulfate 
isotypes (Vacquier and Moy, 1997). Since whole egg jelly was reportedly capable of full 
AR induction and the role that associated proteins play in the fertilization process 
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remains unclear, whole egg jelly was used for these investigations into the effects of LSA 
on fertilization rather than purified fucose-sulfate polymer. 

The effects of LSA on the egg jelly induced acrosome reaction were evaluated. 
Since the actual concentration of jelly surrounding the egg is unknown, an optimal 
functional concentration was defined in order to approximate biological conditions. The 
optimal concentration of isolated egg jelly (20 fig fucose/ml) was defined as the 
concentration that induced greater than 50% acrosome reaction at a given sperm 
concentration. This concentration of egg jelly produced an average of 59% AR sperm 
cells from all males assayed (Figure 2.2 A). When sperm were exposed to 0.1 mg/ml 
LSA the incidence of acrosome reaction in response to egg jelly dropped to 21%. In the 
dose-response assay for acrosome reaction induction, the concentration of LSA that 
inhibits egg jelly induced acrosome reaction in 50% of sperm (IC^, normalized to 
controls) is 0.063 mg/ml (Figure 2.2 B). There was a mean induction of 90% acrosome 
reaction using the Ca +2 ionophore ionomycin as a positive control (Figure 2.2 A). The 
presence of LSA had no effect on the ionophore induced acrosome reaction (Figure 2.1 
C), similar to the results reported for BKME-LDM by Pillai et al. (1997). That sperm are 
still capable of ionophore induced acrosome reaction in the presence of LSA suggests 
that the Ca +2 -sensitive intracellular signaling processes, which mediate the acrosome 
reaction (Lievano et al., 1990), are still functional despite a high concentration of 
extracellular LSA. LSA's inhibition of the acrosome reaction must occur at a point prior 
to Ca +2 channel activation. 

LSA likely exerts its bioactivity by binding to the sperm cell surface (Figure 2.5). 
It has been observed that when sperm are exposed to LDM containing seawater, then 
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removed by centrifugation, the toxicity of the supernatant seawater, in subsequent 
fertilization assays, is reduced (Cherr, unpublished data). The interpretation of this data 
is that sperm cells adsorb LDM and reduce its free concentration in solution. Therefore, 
any evaluation of LSA toxicity or bioactivity must be made in the context of the cell 
density used. For example, while the IC 50 for acrosome reaction inhibition (Figure 2.2 B, 
63 /ig/ml) is much higher than that for fertilization inhibition (Figure 2.4 B, 2 /ig/ml), the 
sperm concentration used in the acrosome reaction induction assay is also greater (by 2 
orders of magnitude). Inhibition of the acrosome reaction is a more sensitive endpoint 
when one considers the concentration of sperm used. 

The addition of 20 mM NH 4 C1 to ASW elicits acrosome reaction in sea urchin, 
which is morphologically similar to that triggered by egg jelly, via an intracellular 
alkalinization of the sperm cell by NH 3 (Collins and Epel, 1977; Garcia-Soto et al., 
1987). This method of induction was chosen over ionomycin for analysis of sperm-to- 
egg binding since ionomycin does result in some morphological distortion of the sperm 
cell (rounded heads as seen in Figure 2.5 B, D), which may have some effect on binding. 
Egg jelly could not be used since it would occupy potential binding sites on the sperm 
surface that LSA could occupy such as the bindin protein (DeAngelis and Glabe, 1987). 
To assess LSA effects on sperm-to-egg binding, sperm were exposed to a high 
concentration of LSA (5 mg/ml) for a very short duration (30 seconds) prior to egg 
introduction. Since the objective of this experiment was to show effect, not generate a 
dose response, enough LSA was used in order to insure an effect would be seen if there 
was one (Figure 2.3 A, B). Sperm binding was reduced by an order of magnitude with 
LSA pre-exposure. Sperm motility in 5 mg/ml LSA was equivalent to controls. When 
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compared to non-induced controls, induction of the acrosome reaction with NH 4 C1 seems 
to have some effect on sperm-to-egg binding (Figure 2.3 C). This is to be expected since 
sperm rapidly lose the capacity to fertilize after AR induction (Vacquier, 1979). 
Furthermore, the timing of this experiment was crucial. The assessment of sperm-to-egg 
binding is kinetically dependent. Sperm bind to the egg during the first 25 seconds of 
exposure until one successfully penetrates the vitelline layer stimulating cortical granule 
breakdown and elevation of the visible vitelline envelope. From 25 to 50 seconds post- 
exposure sperm detach from the egg as cortical granule breakdown progresses (Vacquier 
and Payne, 1973). 

Binding and subsequent fusion of sperm and eggs is thought to be the result from 
a multi-step interaction of the protein bindin, presented on the acrosomal process of the 
sperm, with a sulfated glycoprotein receptor on the egg surface distinct from the egg jelly 
(Stears and Lennarz, 1997; Vacquier et al., 1995). Bindin, a 24-kDa lectin protein 
containing many basic amino acids (DeAngelis and Glabe, 1988), interacts with three 
elements on its egg receptor: two peptide domains and sulfated O-linked oligosaccharide 
chains (non-species specific) (Stears and Lennarz, 1997). Work done by Dhume et al. 
(Dhume and Lennarz, 1995; Dhume et al., 1996) has shown that these same sulfated 
oligosaccharides are capable of inhibiting fertilization when sperm are pre-treated, and 
their potency increases with increasing valency. Multivalency alone does not determine 
biological activity, however, since dextran sulfate does not interfere with fertilization. 
Egg sulfated oligosaccharides are observed to only bind to AR sperm, whereas LSA 
binds to acrosome intact and reacted sperm. The egg sulfated oligosaccharides are 
thought to stabilize sperm-to-egg binding (Dhume et al., 1996). In AR sperm, LSA may 
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directly compete with sulfated oligosaccharides of the egg receptor for sperm bindin to 
prevent or destabilize binding. If LSA exposed sperm bind to an egg via a peptide 
recognition element, LSA may act to enhance the kinetics of sperm unbinding resulting in 
early detachment prior to sperm egg fusion. While it is likely that LSA inhibits bindin 
from interacting with the sulfated oligosaccharide chains, the possibility that LSA may 
also inhibit interaction with peptide domains of the egg receptor can not be ruled out. 

Other multivalent sulfate- and sulfonate- containing polymers inhibit bindin 
activity in vitro. DeAngelis and Glabe (1990) identified several characteristics of the 
polyanions that contribute to their inhibitory activity: large size; the presence of 
multivalent sulfate- or sulfonate- groups; and proper spatial conformation of the anion. 
The polymeric backbone did not seem to be a critical factor in protein interaction except 
for proper anion presentation. These observations are consistent with the physico- 
chemical characteristics of LSA. The authors describe a model of sulfate- protein 
interaction, which involves the formation of a resonating, cyclic bonding system between 
the guanido group of arginine and the non-ester oxygen atoms of the sulfate moiety 
(DeAngelis and Glabe, 1988). Bindin' s interaction with sulfated oligosaccharides of the 
egg receptor for sperm has been identified as a non-species specific component of sperm- 
to-egg binding (S tears and Lennarz, 1997). That the interaction is non-species specific 
may explain why many structurally diverse ligands have affinity for bindin. Bindin is a 
probable target for LSA's inhibition of sperm-to-egg binding. Chapter three takes a closer 
look at the interaction between LSA and bindin on acrosome reacted sea urchin sperm. 

Interestingly, most of the polyanions that have affinity for the bindin protein in 
vitro do not inhibit fertilization when pre-incubated with sperm. The exceptions are 
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sulfated oligosaccharides from the egg receptor for sperm (Dhume and Lennarz, 1995) 
and the egg jelly fucose sulfate polymer (Glabe et al., 1982; Vacquier et al., 1979) and 
LSA. Fucose-sulfate polymer fragments block the acrosome reaction (Hirohashi and 
Vacquier, 2002), Most inhibitors of the acrosome reaction target ion movement through 
channels (Christen et al., 1983; Collins and Epel, 1977), but very few interfere with 
receptor-ligand interaction. The few receptor-ligand blockers that have been identified 
are species specific i.e. antibodies (Podell and Vacquier, 1984) and fucose sulfate 
polymer fragments. Perhaps this is a reflection of the evolved stringent species 
specificity of the acrosome reaction (Alves et al., 1998; Hirohashi et al., 2002b). The 
ability of a structurally heterologous molecule like LSA to inhibit these species-specific 
events is unique. LSA's binding pattern suggests that it is binding to specific proteins on 
the sperm surface. These proteins may be receptors for egg jelly ("suREJ") (Mengerink 
et al., 2000). One suREJ protein, suREJ3, is localized to the sperm head plasma 
membrane over the acrosome, overlapping the binding pattern of LSA. In chapter three, I 
will explore the interaction between LSA and suREJ3. 

Lignin-derived macromolecules are unique inhibitors of sperm physiology. It is 
remarkable that such structurally heterologous molecules inhibit specific receptor-ligand 
events involving unrelated proteins. Data presented thus far strongly suggest that 
structural features of LSA contribute to its overall biological activity, notably poly- 
sulfonation, large molecular size, and the architectural conformation or presentation of 
sulfonate valences. It is possible that further analysis of the structure of LSA and the 
conformation of sulfonate groups could yield molecules with more targeted biological 
activities. 
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FIGURE 2.1: Detection of acrosome reaction with phalloidin-Alexa 488. 
Photomicrographs are fluorescent images overlaid on their DIC counterparts. Solid 
arrows indicate AR sperm; dashed arrows indicate AI sperm. (A) Background AI 
cells; (B) Egg jelly induced AR cells (20^g fuc equiv/ml EJ); (C) Ionomycin induced 
AR cells (l.Omg/ml LSA, 10/iM ionomycin); (D) Egg jelly induced AR cells inhibited 
with LSA (O.lmg/ml LSA, 20^g fuc equiv/ml EJ). 
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Figure 2.2: (A) LSA (0.1 mg/ml) inhibits egg jelly induced acrosome reaction at a 
biologically relevant concentration. (B) Dose-response graph, shown as probit, for 
inhibition of acrosome reaction by LSA. Right side ordinate indicates percent 
inhibition. Each data point represents 2 individual males with at least 300 sperm 
scored per individual. Data were normalized according to Abbots formula prior to 
probit transformation. 
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FIGURE 2.3: LSA inhibits sperm to egg binding. In the photomicrographs, Hoechst 
stained sperm nuclei show up as bright spots on the surface of dejellied sea urchin 
eggs when exposed to UV light (A) control; (B) LSA pre-exposure. (C) Sperm 
binding to de-jellied eggs decreases by 10-fold with LSA pre-exposure. 
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FIGURE 2.5: LSA-b bound to AI and AR sperm detected with mouse anti-biotin 
Alexa 488. Photomicrographs are fluorescent pseudo-color images overlaid on their 
DIC counterparts. (A) AI sperm; (B) AR sperm, ionomycin; (C) AI sperm, no ethanol 
step; (D) AR (ionomycin) sperm, no ethanol step; (E) AI triton permeabilized sperm; 
(F) AR, lOOx unlabeled LSA control. 
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Chapter 3. Lignosulfonic Acid Specifically Binds to Sea Urchin Sperm 
Cell Surface Proteins, suREJ3 and Bindin. 

ABSTRACT 

Lignosulfonic acid (LSA) is a polydisperse macromolecular breakdown product 
of lignin produced as a byproduct of the sulfite pulping of wood. This polyanion and 
related lignin derived macromolecules are potent inhibitors of fertilization in diverse 
species, which act by interfering with specific aspects of sperm physiology. In the sea 
urchin, LSA binds to domains on the sperm head and inhibits two receptor-ligand 
mediated events required for fertilization, acrosome reaction induction and sperm to egg 
binding. A quantitative solid phase whole-cell binding assay was developed to 
characterize the binding behavior of biotinylated LSA (LS A-b) to cell surface sites on sea 
urchin sperm. The binding of LSA-b to sperm was specific and saturable indicating a 
finite number of binding sites. Acrosome reacted (AR) sperm had a greater capacity to 
bind LSA-b than acrosome intact (AI) cells. The binding of LSA-b to sperm had a 
kinetic component that is also concentration dependent. Structurally diverse polyanionic 
competitors including an endogenous ligand, sea urchin egg jelly, inhibited LSA-b 
binding to various degrees. The efficacy of competitive polyanions to inhibit LSA-b 
binding to sperm cells parallels their ability to inhibit fertilization. Charge density alone, 
however, does not govern the ability of LSA to bind sperm surface domains suggesting 
that other structural features of the macromolecule are involved. LSA significantly 
inhibited the binding of antibodies against sperm surface proteins, suREB and bindin, 
which are key regulatory molecules respectively involved in acrosome reaction and 
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sperm-to-egg binding. These data support the hypothesis that the mechanism by which 
LS A inhibits fertilization involves binding to the receptor proteins suREJ3 and bindin. 

INTRODUCTION 

Sulfated polysaccharides have been identified in diverse phyla as ligands for 
receptor proteins that mediate key fertilization events (Dell et al., 1999; Mengerink and 
Vacquier, 2001; Vacquier, 1998). In the sea urchin (Strongylocentrotus purpuratus), the 
fucose sulfate polymer fraction of the egg extracellular matrix (egg jelly) prepares the 
sperm cell for fertilization by inducing the acrosome reaction. The fucose sulfate 
polymer of the egg jelly is thought to interact with a family of signaling proteins on the 
sperm cell surface known as suREJ, sea urchin receptor for egg jelly (Mengerink et al., 
2000). The binding of egg jelly fucose sulfate polymer to suREJ initiates a cascade of 
intracellular signaling events culminating in the exocytotic extension of the acrosomal 
filament (Shapiro et al., 1990). The acrosomal filament is coated with the protein bindin. 
Bindin attaches to polypeptides and sulfated oligosaccharides on the egg surface resulting 
in sperm to egg binding and eventual cell fusion (Dhume et al., 1996). Both acrosome 
reaction induction and sperm-to-egg binding are mediated by species specific ligands 
(Glabe and Lennarz, 1979; Hirohashi et al, 2002a). 

Lignosulfonic acid (LSA), a sulfonated macromolecular poly anion derived from 
pulp mill effluent, is a potent contraceptive (Tollner et al., 2002). In the sea urchin, LSA 
specifically inhibits acrosome reaction induction and sperm to egg binding, fertilization 
events mediated by distinct sulfated polysaccharides. LSA binds to specific cell surface 
domains on the sperm cell and is thought to mediate its biological action by interfering 
with protein receptors for endogenous sulfated polysaccharides. Other investigators have 
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reported that LSA inhibits protease activity (Naess et al., 1973), microbiologically active 
substances (Naess and Sandvik, 1973), viral infectivity (Sorimachi et al., 1990; Ward and 
Tankersley, 1980) as well as cell adhesion and growth (Sorimachi, 1992). These specific 
biological actions are counterintuitive when one considers that LSA is a polydisperse 
heterologous breakdown product of lignin with an undefined molecular architecture. 
LSA's backbone structure consists largely of lignacious aromatic alcohol polymers that 
have been heavily sulfonated during the pulping process (Hassi, 1985). The presence of 
many sulfonate moieties governs LSA's polarity despite a hydrophobic backbone and a 
molecular weight range from 3k to <300K. 

Multivalent sulfated or sulfonated polyanions are capable of acting as effectors or 
inhibitors of extracellular biological interactions. Investigations into the structural basis 
for biological activity of these and other multivalent ligands have consistently revealed 
that multivalency is required for activity and not the backbone structure per se 
(DeAngelis and Glabe, 1990; Gestwicki et al., 2002; Haroun-Bouhedja et al., 2000; 
Moreno et al, 2001). The backbone structure of multivalent ligands does contribute to 
their overall potency by presenting recognition elements in a proper spatial orientation 
(Gestwicki et al., 2002). Large molecular weight is also another key contributor to 
biological activity. Data presented in Chapter 1 demonstrated that larger fractions of 
LSA are better inhibitors of fertilization than smaller molecular size fractions. Similarly, 
DeAngelis showed that larger molecular weight fractions of fucoidan (a.k.a. fucoidin), a 
sulfated fucan isolated from the marine alga Fucus spp. (Bilan et al., 2002), have a better 
affinity for sea urchin bindin (DeAngelis and Glabe, 1987). Due to the size and polarity 
of sulfated polyanions their principal effects occur at the level of the cell surface 
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(Kiessling et al., 2000; Lynch et al., 1994) and it has been shown that some interact with 
specific protein receptors. Sulfated and sulfonated polyanions that inhibit HIV infectivity 
interact with specific cell surface proteins (McClure et al, 1992) and inhibit the binding 
of monoclonal antibodies (Parish et al, 1990). Heparin-mimicking polyanions, such as 
polyanetholesulfonic acid, bind to and antagonize fibroblast growth factor (Liekens et al, 
1999). In addition to binding sea urchin bindin, fucoidan also binds to mammalian sperm 
proacrosin/acrosin and prevents antibody binding to polysulfate binding epitopes of the 
protein (Moreno et al., 2002). 

The present study characterizes the interaction of LSA with binding sites on the 
sperm surface using a quantitative solid phase whole-cell binding assay and a biotinylated 
LSA (LSA-b) probe. LSA-b behaved in a manner consistent with receptor-ligand 
binding models. LSA inhibited the binding of antibodies to proteins that entirely co- 
localize within its binding domain, suREJ3 and bindin. These results support the 
hypothesis that LSA exerts its biological action by binding to key molecules involved in 
gamete recognition. 

MATERIALS AND METHODS 

Reagents 

All chemicals used were obtained from Sigma or Aldrich unless otherwise specified. 
Lignosulfonic acid, sodium salt (LSA) was obtained from Aldrich and additionally 
purified and biotinylated by the amine method as previously described (Chapter 2) using 
sulfo-NHS-LC-biotin (Pierce Chemical Company, Rockford, II). Dr. Victor Vacquier 
graciously donated affinity-purified antibodies to S. purpuratus sperm surface proteins, 
suREJ3 and 350kD. Two antibodies to suREJ3 were used, anti-S/C (chicken) and anti-IH 
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(rabbit) (Mengerink et al., 2002) as well as a mouse monoclonal antibody (anti-J18/5) to 
a 350kD sperm surface protein. An affinity-purified rabbit antibody to S. purpuratus 
bindin protein was a generous gift from Dr. Charles Glabe. Alexa-conjugated secondary 
antibodies were obtained from Molecular Probes (Eugene, OR). 

Gamete collection. 

Gametes from Pacific purple sea urchins (Strongylocentrotus purpuratus) were collected 
by injecting adults with 0.5 to 1.0 ml of 0.5-M KC1 into the coelomic cavity via the oral 
peristomal membrane. Sperm were collected "dry" (undiluted) directly from the 
gonopores with a pipette and stored on ice in a capped tube. Eggs were spawned into 50- 
ml beakers filled with 0.7-^m filtered sea water (FSW), carefully decanted to remove 
large debris and kept at 4°C until used. Sperm motility and egg morphological quality 
were assessed microscopically for each batch of gametes (Chapman, 1995; Cherr et al., 
1987). 

Egg jelly isolation and quantitation. 

To isolate egg jelly, eggs were gently re-suspended and kept agitated with a slow stream 
of air bubbles. The pH of the suspension was lowered to 4.8-5.0 for 3-5 minutes using 1- 
M MES (2-moipholinoethanesulfonic acid) then raised to 7.8 with 1-M Tris (tris 
(hydroxy methyl) aminomethane). Eggs were sedimented by gentle hand centrifugation. 
The supernatant was removed and centrifuged at 30,000g (4°C) for 30 min (Lutz and 
Inoue, 1986; Weidman and Kay, 1986). The resulting egg jelly (EJ) supernatant was 
concentrated using Centricon Plus-20 (Millipore, Billerica, MA) devices (according to 
manufacturers instructions) and stored in aliquots at -80°C until needed. Fucose content 
of EJ was determined by the phenol-sulfuric acid method (Dubois et al., 1956) as 
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modified by Vacquier (Vacquier and Moy, 1997). Briefly, 0.1 ml of EJ was mixed with 
0.1 ml of aqueous phenol (5%, v/v). The phenolic EJ solution was vortexed as 1 ml of 
concentrated H 2 S0 4 was added. Absorbance (487 nm) was measured after 2 minutes at 
23°C and compared to a fucose standard curve. 

Estimation of relative charge to mass ratio 

Charge to mass ratio relative to LSA was estimated for certain compounds. Charge was 
estimated using the alcian blue dye binding assay (Gold, 1979) as described by Cherr 
(1993). Samples were read in a spectrophotometer at 480 nm. Purified lyophilized LSA 
was used to construct a standard curve. Three lyophilized replicate samples were 
carefully weighed, reconstituted to a known concentration, and measured in the assay 
against the standard curve. 

Fertilization bioassays. 

Fertilization bioassays were performed according to guidelines set forth by Chapman 
(1995) and as described in Pillai et al., 1997. All experiments were conducted at 12°C in 
pH 8 HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffered artificial 
seawater (ASW-H, 490-mM NaCl, 27-mM MgCl 2 , 28-mM MgS0 4 , 10-mM CaCl 2 , 10- 
mM KC1, 2.5-mM NaHC0 3 , 10-mM HEPES). In order to insure that assay sensitivity 
was not diminished with excess sperm, a sperm to egg ratio resulting in 70% to < 90% 
fertilization was determined for each batch of gametes immediately prior to experiments. 
Sperm concentration was determined using a hemocytometer. Sperm were pre-exposed 
to a fertilization inhibitor for 10 minutes prior to the addition of eggs. Fertilization was 
allowed to proceed for 10 minutes, then samples were fixed with 1% glutaraldehyde in 
ASW. Each bioassay consisted of one pair of urchins run in 3-4 replicate batches with 
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100-300 eggs scored per replicate. Concentration response data was normalized to 
controls using Abbott's formula as described by Chapman (1995) and transformed to 
probit units to identify the 50% inhibitory concentration (IC 50 ) (Rand, 1995). 

Quantitative solid phase whole-cell binding assays. 

A solid phase binding assay was devised to assess the qualitative and quantitative binding 
characteristics of LS A to whole sperm cells and to specific cell surface proteins. Similar 
whole sperm cell binding assays with biotinylated ligands or sperm specific antibodies 
have been used by other investigators (Huang and Yanagimachi, 1984; Kurpisz et al., 
1993; Mahony et al, 1993). Data from each experiment represents sperm from 2-3 
individual males assessed separately and in triplicate. Specific experiments required 
specific variations on the assay. Generally, dry sperm were diluted 1:50 in ASW-H and 
washed twice to remove pigmented cells (200g for 5 min at 4°C). Acrosome reaction 
was induced in subsets of sperm by the addition of 10-piM ionomycin (Calbiochem, La 
Jolla, CA) from a 10 mM stock in dimethylsulf oxide. Sperm were fixed using fresh 3% 
paraformaldehyde/ 0.1% glutaraldehyde in ASW-H (Vacquier, 1986) and the 
concentration adjusted to 10 7 cells/ml. One hundred microliters of fixed sperm were 
added to wells of a flat bottom 96-well plate (Nunc MaxiSorp) in triplicate. Cell to plate 
adhesion was encouraged by centrifugation at 700g for 10 min. Microscopic examination 
revealed that sperm generally adhered to plates in a monolayer and were evenly 
distributed. Wells were washed with HEPES buffered saline (HBS, 150-mM NaCl, 10- 
mM HEPES, pH 8) at least thrice in between each step of the assay. Whenever a protein 
label was used, wells were first blocked with 9% non-fat milk HBS for 30 minutes. Non- 
specific binding of biotinylated LSA (LSA-b) to the plate was not detectable. Non- 
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specific binding to cells was defined as the signal detected in the presence of a 100-fold 
excess of unlabeled LS A after background correction. The first label, usually LS A-b ± a 
competitor, was allowed 1 hour for incubation. In all competition assays the 
concentration of LSA-b was 0.1 mg/ml, based on range finding studies (data not shown). 
LSA binding was fixed by the addition of ice cold 55% ethanol in HBS (Pillai et al, 
1997). Wells were then blocked for protein and incubated with the second label; 
NeutrAvidin™ conjugated horseradish peroxidase (Pierce), for 1 hour. Unlike avidin, 
LSA did not bind non-specifically to NeutrAvidin™ (Chapter 2). Plates were developed 
using o-phenylenediamine (OPD) substrate, the reaction terminated with 2.5-M H 2 S0 4 , 
and read on a BioRad 550 plate reader at 490 nm. 

LSA binding time course : This assay was conducted on a 96-well plate as 
described above with the exception that live sperm (10 7 cells/ml) were used and the assay 
conducted at 12°C. In order to minimize spontaneous acrosome reaction, Ca +2 -free 
artificial seawater (500 mM-NaCl, 27-mM MgCl 2 , 28-mM MgS0 4 , 10 mM-KCl, 2.5-mM 
NaHC0 3 , 1-mM EGTA, 10-mM HEPES, pH 8) was used as the main buffer in this 
experiment. LSA-b was allowed to interact with the sperm cells for various time 
intervals and the interaction terminated by a 4x wash with HBS. All wells were treated 
with ice-cold 55% ethanol/HBS to fix the cells and LSA and the plates developed as 
described above. 

Antibody binding inhibition : Plates were prepared as described above with fixed 
sperm cells. Sperm were exposed to 1 -mg/ml LSA in HBS for 1 hour (positive controls 
with HBS only). All wells were then blocked for protein (as above) and incubated with 
the primary antibody (diluted in 2% NFM/HBS) for an hour, washed and blocked again 
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in 2% NFM/HBS to remove residual azide. An appropriate HRP conjugated secondary 
antibody (diluted in 2% NFM/HBS) was added for an hour and the plates developed with 
OPD substrate as described above. Reductions in specific antibody binding compared to 
controls were evaluated using a Student's T-test. 

Microscopic labeling and evaluation. 

Fresh motile sperm were fixed with 1% paraformaldehyde in ASW, diluted to 1:4000, 
and 500 ]A aliquots added to a 24-well immunoassay plate (Nunc) containing poly-L- 
lysine coated 12-mm round glass coverslips. Cell adhesion to coverslips was encouraged 
by centrifugation at 700g for 10 minutes. Coverslips were rinsed with HBS, non-specific 
binding blocked with Pierce SuperBlock (Pierce) for 30 minutes. Primary antibody 
(diluted in SuperBlock) was allowed to incubate for 1 hour then coverslips were rinsed 
with HBS and an appropriate Alexa-conjugated secondary antibody (diluted in 
SuperBlock) was added for an additional hour in darkness. Secondary antibodies used 
were: goat anti-chicken Alexa 568; goat anti-rabbit Alexa 488; goat anti-mouse Alexa 
350 (Molecular Probes). Rinsed coverslips were mounted onto slides with n-propylene 
glycol mounting media and sealed with Revlon "Orange Flip" nail polish. Cells were 
evaluated on an Olympus BX50WI epifluorescence microscope using a UV-corrected 
60x oil immersion objective. Captured fluorescent pseudo-color images were overlaid on 
their transmitted light Nomarski differential interference contrast (DIC) counterparts 
using MetaMorph image analysis software (Universal Imaging Corp., Downington, PA). 
All images specific to a fluorophore were captured with the same microscope, camera 
and software parameters. Non-specific binding to sperm (+/- LSA) was not observed in 
control slides where con-specific serum or ascites was substituted for primary antibody. 
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RESULTS 

Saturation curves for LSA-b binding to sperm. 

The binding of LSA-b to the surface of sperm cells is saturable and dose 
dependent as shown in Figure 3.1. Specific binding of LSA-b to sperm was calculated by 
subtracting nonspecific bound (NSB) from total bound. Figure 3.1 further illustrates a 
difference in apparent affinity of LSA-b to sperm surface sites between acrosome reacted 
(AR) and acrosome intact (AI) sperm. LSA-b seemed to have a greater affinity for AR 
sperm as indicated by the steeper slope of total LSA-b bound at low concentrations and 
higher overall absorbance. The specific bound data indicated that the total sites available 
for binding LSA-b were greater in AR sperm than AI sperm and/or that AR sperm 
receptors have a greater affinity for LSA-b. The total bound curve for AR sperm had a 
distinct biphasic inflection point, which could be indicative of at least two receptor 
populations with distinctly different affinities for LSA-b. In AI sperm, the total bound 
curve did not appear to be biphasic, however the possibility exists that LSA may be 
binding to multiple receptors with similar affinity. The two total bound curves seemed to 
converge at the highest concentration, while corrected specific bound LSA-b indicated a 
clear distinction between AR and AI sperm. This is an indication that at the highest 
LSA-b concentration, specific binding sites have been largely occupied in both cell states 
and non-specific binding makes up a greater fraction of the total LSA-b bound to sperm. 

Kinetics of LSA-b binding to sperm. 

The kinetics of LSA-b binding to live sperm were observed over 10 minutes (Figure 3.2). 
Live sperm were used in order to give an estimation of how LSA behaves under bioassay 
conditions. The binding pattern was similar at both concentrations with the main 
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difference being the magnitude of the response signal corresponding to the higher 
concentration. Data suggests that some pre-incubation with sperm is required to achieve 
maximal binding. Some binding saturation seemed to occur at about 120 sec, in both, 
and then there is an increase of about the same slope. The kinetic data appear to behave 
in a biphasic manner indicating at least two binding sites with differing rates of 
association for LSA. The gradual increase in binding at later time points could be due to 
changes in binding site availability caused by sperm death and/or non-specific 
interactions. Data are corrected for NSB with a lOOx control at the longest time point. A 
more complete interpretation of these data would be possible with the inclusion of lOOx 
controls at each time point. 

LSA-b competes with sulfated and sulfonated macromolecules for binding sites 
on the sperm surface. 

The specificity of LSA interaction with sperm was further characterized by 
comparing the ability of sulfonated and sulfated macromolecules to compete with LSA-b 
for sperm surface binding sites. The data are presented as the Hill (logit) transformation 
of specifically bound LSA-b as a function of the concentration of unlabeled competitor 
(Figure 3.3A). Values of constants obtained from log regression of the data are 
summarized in Figure 3.3B. The binding of LSA-b to sperm was inhibited in a dose 
dependent manner by increasing concentrations of unlabeled LSA, an aromatic 
sulfonated polymer polyanetholesulfonic acid (PAS A) ((E)-l-methoxy-4-(l-propenyl) 
benzene homopolymer, sulfonated, sodium salt), and to a far lesser extent fucoidan 
(FDN), a sulfated heteropolymer of L-fucose (Bilan et al., 2002). Based on IC 50 values, 
PAS A was the most potent inhibitor of LSA-b binding in both AI and AR sperm. 



Chapter 3 64 

All competitors have shallow Hill slopes (ln H kl). Typically this is an indication 
that negative cooperativity describes the behavior of the unlabeled ligand interacting with 
binding sites in common with the labeled ligand; that is, the binding of the unlabeled 
ligand to one site causes subsequent unlabeled ligands to bind with less affinity. Since 
negative cooperativity is indicated, this data cannot be used for a mathematical 
calculation of K t (dissociation constant for the competitor) according to the Cheng- 
Prusoff equation (Cheng and Prusoff, 1973). 

The competition data (Figure 3.3) show that LSA has the greatest affinity for AR 
sperm and less for AI sperm, corroborating data presented in Figure 3.1. By contrast, 
PASA has lower affinity (higher Kd') for AR sperm than AI sperm. In both AR and AI 
sperm, high concentrations of unlabeled LSA (>0.6 mg/ml) inhibit LSA-b more 
effectively than high concentrations of PASA. The potency of competitive polyanions to 
inhibit LSA-b binding to sperm cells parallels their ability to inhibit fertilization (Figure 
3.4). At equivalent concentrations, PASA is a better contraceptive than LSA. A lOOx 
higher concentration of fucoidan only results in meager inhibition. By comparison, at 3 
fig/ml the >100K LSA fraction inhibits fertilization by 83% (Chapter 1). Higher 
molecular weight fractions of LSA-b may be more recalcitrant to competition from 
PASA. The data for fucoidan show that this polyanion is a weak competitor with LSA-b 
on AI sperm (Figure 3.3). While fucoidan is known to interact strongly with bindin 
(Glabe et al M 1982), it does not appreciably inhibit fertilization (Figure 3.4). 
Unfortunately reproducible competition data with fucoidan and LSA-b on AR sperm was 
not obtained, but it is expected that this polyanion would be a much better competitor on 
these cells due to the presence of bindin. 
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Con-specific egg jelly inhibits LSA-b binding in AI sperm at a biologically 
relevant (AR inducing) concentration (Figure 3.5). The amount of egg jelly used is the 
lowest concentration that gives greater than 50% acrosome reaction in S. purpuratus 
sperm at 10 7 cells/ml. The same concentration of contra-specific egg jelly does not affect 
LSA-b binding nor does a much higher concentration of fucoidan. If the interaction of 
LSA with sperm were solely a function of its charge density, compounds with a higher 
charge to mass ratio may be expected to be better competitors with LSA, however, the 
results do not support this hypothesis (Figure 3.6). These results suggest that LSA-b 
binds to species-specific egg jelly receptors. 

LSA selectively inhibits antibody binding. 

LSA-b binds specifically to domains over the sperm head (Figure 2.6). The 
ability of LSA to inhibit the binding of antibodies to specific proteins that are present 
within the binding region of LSA-b is shown in Figure 3.7. LSA significantly inhibited 
the binding of two antibodies raised against proteins mediating acrosome reaction and 
sperm-to-egg binding respectively, yet did not inhibit the binding of an antibody (anti- 
J18/5) to a 350kD protein that localized over the entire sperm surface (Figure 3.7A). LSA 
dramatically inhibited the binding of a suREJ3 antibody (anti-S/C) that targets epitopes 
corresponding to the sea urchin egg lectin domain and carbohydrate recognition domain 
of the protein (Mengerink et al., 2002). An antibody specific to the intracellular C- 
terminal region of suREJ3 (anti-IH) did not bind to non-permeabilized cells irrespective 
of the presence of LSA (data not shown). Within the context of this experiment, the 
ability of LSA to inhibit antibody binding is limited to antigens that entirely co-localize 
with its binding domain. 
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DISCUSSION 

Compared to internal fertilization, external fertilization takes place in a much less 
controlled environment where gametes can be exposed to a variety of environmental 
stressors (turbulence, oxidative stress, ultraviolet radiation, competing gametes and 
contaminants) that can affect fertilization. As external spawners, sea urchins have 
evolved a variety of mechanisms to deal with these stressors (Mead and Epel, 1995) and 
ensure the species specificity of their gamete interactions. Indeed the species specificity 
of fertilization is guarded by multiple mechanisms (Ohlendieck and Lennarz, 1996; 
Vacquier, 1998). One such mechanism is the use of specific conformations of sulfate 
groups on extracellular matrix polysaccharides as ligands for key proteins in the 
fertilization process (Hirohashi et al., 2002a). This strategy works to ensure echinoid 
species specificity since most species produce unique sulfated polysaccharides as part of 
their "egg jelly" extracellular matrix (Alves et al., 1997; 1998). 

Earlier data, reported herein, shows that LSA, a lignacious component of pulp 
mill effluent, inhibits fertilization in the sea urchin at the sperm cell by preventing both 
acrosome reaction and sperm-to-egg binding. Furthermore, a biotinylated LSA conjugate 
(LSA-b) specifically labels particular domains of the sea urchin sperm head (Chapter 2). 
The binding pattern of LSA-b suggests that it may bind to specific receptor molecules 
that regulate the inhibited fertilization events. 

A quantitative solid phase whole-cell binding assay was devised in order to 
further explore the nature of LSA-b binding to sperm. Traditionally, quantitative binding 
data is obtained with a radiolabeled probe. Using a biotinylated probe to assess ligand- 
receptor interactions as an alternative to a radioactive one presents its own challenges and 
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limitations, but is not without precedent (Vieira, 1998). Since the detection method for 
biotinylated ligands involves more intermediary molecules than radioactive or fluorescent 
ligands, a greater degree of inter-assay variability exists. The activity of each 
intermediary molecule affects the detectable end result e.g. moles biotin/mg LSA, 
concentration of NeutrAvidin™ , activity of HRP, concentration of substrate, length of 
color development. Appropriate controls for each of these variables allow meaningful 
interpretation of the data. Despite these caveats, other investigators have successfully 
employed biotinylated ligands to obtain quantitative binding data with whole sperm cells 
(Huang and Yanagimachi, 1984; Mahony et al, 1993). An additional constraint unique 
to this solid phase assay was the inability to directly detect free LSA-b in solution or 
calculate the free concentration based on the fraction bound since the specific activity 
(moles biotin/mg LSA) of the ligand was unknown. 

As described in Chapter 2, the ratio of moles of biotin per mg of LSA was unable 
to be determined due to interference problems with the HABA assay used to quantify 
biotin. LSA bound non-specifically to avidin protein in this assay. While no such non- 
specific binding to Pierce NeutrAvidin™ or streptavidin was detected, neither can be 
substituted in the HABA assay (Pierce Chemical Company, personal communication). 
Without a quantitative correlation between signal strength and the mass of ligand bound, 
absorbance measurement cannot be used to calculate the amount of LSA bound even 
though a proportional relationship exists. Due to the inability to accurately estimate the 
concentration of free LSA-b (required for Scatchard analysis), competition data was 
analyzed via the Hill transformation based on percent of maximum LSA-b bound. Future 
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studies could employ a fluorescent LSA ligand, facilitating determination of specific 
activity. 

Presented herein is strong evidence that LSA inhibits at least two species specific 
ligand-receptor mediated interactions required for fertilization in S. purpuratus at the 
level of the protein receptor. These data show that LS A-b bound to intact sperm cells in a 
manner consistent with ligand-receptor binding models. The binding of LSA-b to sperm 
was saturable and specific (Figure 3.1) as well as kinetically dependent (Figure 3.2). 
Acrosome reacted (AR) sperm appear to have a greater capacity to bind LSA-b than 
acrosome intact (AI) cells (Figure 3.1) suggesting the presence of additional binding 
sites. The binding curve for AR sperm also had an inflection point indicative of at least 
two receptor populations with distinct affinities for LSA-b. While part of the inflection 
may be due to non-specific binding not measured at lower concentrations, the apparent 
existence of different affinity sites in AR sperm can be explained by the availability of 
the bindin protein as a potential target for specific LSA-b binding. Competition data 
confirm that LSA had a greater affinity for AR sperm than AI sperm (Figure 3.3A, B). 
The binding of LSA-b to AI sperm was inhibited by a biologically relevant concentration 
of con-specific egg jelly, but not by contra- specific egg jelly (Figure 3.5). LSA 
significantly inhibited the binding of antibodies specific to a protein involved in 
acrosome reaction, suREJ3, in AI sperm and to the sperm adhesion protein bindin in AR 
sperm (Figure 3.7). This pattern of data supports the hypothesis that the ability of LSA to 
inhibit the acrosome reaction and sperm-to-egg binding is due to its affinity for these key 
receptor proteins. 
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The Hill transformation of competition data revealed that all LSA-b competitors 
behave with negative cooperativity (Figure 3.3) as indicated by shallow slopes. This 
effect may be seen if the binding sites are clustered or if several sites are present per 
receptor molecule. The presence of heterologous binding sites (expected on whole sperm 
cells) or receptors that do not all recognize the unlabeled ligand with the same affinity 
may also produce a shallow Hill slope. Glabe (1982) noted that the binding of fucoidan 
to bindin particles behaves with negative cooperativity and that it may be an inherent 
property of large multivalent ligand binding since molecules that bind first may interact 
at multiple sites and limit the availability of sites for further binding. Each of the 
multivalent competitors used is a polydisperse mixture of molecular sizes. Larger 
molecules, with greater valency, will bind better than smaller ones leading to an 
inherently variable affinity for each of the inhibitors used. The apparent affinity constant, 
Kd\ is an amalgamation of the affinity constants for each size of ligand in the mixture 
towards each binding site on the sperm. The values of Kd' in this experiment give us an 
indication of the overall affinity of each competitor for common binding sites relative to 
the affinity of LSA-b, with a smaller number corresponding to higher affinity. As such, 
these Kd' values should be treated as empirical descriptions of the data and not true 
binding constants. The increased IC 50 and decreased Kd' of LSA towards AR sperm 
(Figure 3.3) indicate that higher affinity receptors (e.g. bindin) that recognize LSA are 
present on AR sperm, in agreement with binding data (Figure 3.1). As a competitor with 
LSA-b, PASA has lower affinity (higher Kd') for AR sperm than AI sperm suggesting 
that PASA may not interact as strongly with bindin relative to LSA. The higher Kd' 
value for PASA (Figure 3.3B) may reflect the greater affinity of LSA-b for AR sperm 
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and/or the loss of receptor sites on the acrosomal cap membrane with high affinity for 
PASA. 

Three signaling proteins have been identified in sea urchin sperm that belong to 
the sea urchin receptor for egg jelly (suREJ) family, each with a suspected role in 
acrosome reaction induction (Mengerink et al., 2000). The fucose sulfate polymer 
portion of egg jelly has been shown to bind to suREJl (Moy et al, 1996; Vacquier and 
Moy, 1997) and induce acrosome reaction. Even though suREJ3 shares a similar REJ 
domain and carbohydrate recognition domain with suREJl and possesses a sea urchin 
egg lectin domain, it has not been conclusively demonstrated that fucose sulfate polymer 
or other ligands in egg jelly bind to suREJ3 (Mengerink et al, 2002). While the ligands 
for these domains have yet to be identified, their extracellular presence strongly suggest 
that suREJ3 interacts with some aspect of the extracellular matrix of the egg. Of the 3 
members of the REJ protein family identified thus far, only suREJ3 localizes solely to 
regions on the sperm head (Mengerink et al, 2000), entirely within the labeling region of 
LSA-b. Sperm that are pre-incubated with LSA have a dramatically reduced antigenicity 
for an antibody (anti-S/C) to the sea urchin egg lectin domain and carbohydrate 
recognition domain of suREJ3. The ability of LSA to markedly inhibit the binding of an 
antibody to suREJ3 is consistent with the hypothesis that this protein is a receptor for 
sulfated ligands on the egg surface. 

Some antibodies that localize to regions in the tail as well as the head are capable 
of inducing the acrosome reaction, including anti-J18/5 (K. Mengerink, personal 
communication) as well as antibodies to suREJl (Moy et al., 1996). Antibodies to 
suREJ3 including anti-S/C do not induce acrosome reaction (Mengerink et aL, 2002). 
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Acrosome reaction induction likely requires participation of proteins in the tail or 
midpiece of sperm in addition to the head. Since anti-J18/5 induces the acrosome 
reaction, but LSA does not inhibit its binding despite considerable co-localization in the 
head region (Figure 3.7) the acrosome reaction is likely the result of an activation cascade 
involving multiple proteins. The ability of anti-J18/5 to induce acrosome reaction in the 
presence of LSA was not evaluated. Inhibition of the acrosome reaction by LSA is 
reversible with a sufficient concentration of the endogenous inducer, egg jelly. In 
Chapter 2, data indicate that 20% of sperm are still capable of acrosome reaction in the 
presence of 0. 1-mg/ml LSA by an egg jelly concentration of 20 pig fucose/ml. These data 
show that the same concentration of egg jelly is able to reduce the fraction of LSA-b 
bound to sperm by 32%. The conclusion can be drawn that while LSA occupies receptor 
sites for egg jelly it may also occupy other binding sites. LSA inhibits at least one egg 
jelly receptor, which is sufficient to block acrosome reaction induction. Based LSA's 
pattern of inhibition and binding, there are other specific sites with which it interacts that 
have yet to be identified. These binding sites may be proteins involved in key 
physiologic processes. 

The attachment of bindin to its ligand on the egg surface is high affinity and 
highly species specific (Dhume and Lennarz, 1995; Lopez et al., 1993). The ability of 
LSA to inhibit sperm-to-egg binding and to do so by interacting (at least in part) with 
bindin, is consistent with the observations of DeAngelis and Glabe (1990). They found 
that bindin displays a remarkable affinity for sulfate- or sulfonate- containing polymers 
and that the selectivity for these over polymers containing other anionic groups suggests 
the interaction is more complex than the formation of simple salt bridges. DeAngelis and 
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Glabe (1990) postulate that all three non-ester oxygen atoms of the sulfur moiety interact 
with a "docking site" on bindin and that the orientation of these oxygen atoms may 
govern binding specificity and affinity. The ester linkage in the sulfate moiety does not 
appear to be critical given the high affinity of sulfonate polymers for bindin. The 
stereochemical conformation of sulfate groups on oligosaccharides associated with the 
egg receptor for sperm enable them to attach to bindin, however they do not attach to AI 
sperm (Dhume and Lennarz, 1995) despite the presence of sulfate responsive receptors, 
the suREJ proteins (Mengerink et al., 2000). LSA has a high degree of sulfonation, 
which increases the probability that a -S0 3 will be in the correct conformation for 
binding (DeAngelis and Glabe, 1987). LSA is intrinsically heterologous in backbone 
structure and in its pattern of sulfonation (Hassi, 1985). Similarly, fucoidan also has a 
variable and heterologous structure (Bilan et al., 2002), yet binds to bindin with high 
avidity. High affinity multivalent binding requires multiple interactions to occur in a 
precise orientation (Bertozzi and Kiessling, 2001). LSA may be able to mimic the 
interaction of sulfated fucans with bindin as described by DeAngelis and Glabe (1988). 
Initially salt bridges could form between sulfonate groups on LSA and a cationic receptor 
site. This is a long-range interaction. Once multiple ionic bonds are formed, some 
sulfonate groups may be induced to form more stable ring bonds with guanidino moieties 
of arginine (DeAngelis and Glabe, 1988). The basic amino acids arginine and lysine 
have been implicated in the binding of polysulfonated macromolecules to proacrosin 
(Urch and Patel, 1991) as well as fibroblast growth factor (Liekens et al., 1999). The 
structure of LSA may allow enough conformational flexibility to permit sulfonate groups 
to be induced to fit into a binding site as has been suggested for some polysaccharides 
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(Letourneur et al., 1993). Since multivalent ligands, like LSA, possess multiple copies of 
a binding-recognition element many potential mechanisms have been postulated for 
receptor interaction (Gestwicki et al, 2002; Kiessling et al., 2000). 

Given LSA's heterologous and ill defined structure (Hassi, 1985; Lin and Dence, 
1992) the question can be raised that charge density on LSA governs its affinity to sperm 
rather than more specific structural or conformational factors. If this were the case, it 
would be expected that compounds with a higher charge to mass ratio would make better 
LSA competitors. This is not the case (Figure 3.6). Other structural or conformational 
features of LSA also contribute to its affinity. While multivalency does play a key role in 
binding, the architecture of the ligand determines its activity (Gestwicki et al., 2002). 
With some multivalent ligands, structural hydrophobic groups assist in stabilizing ionic 
bonds via van der Waals interactions. Other investigators have noticed that aromatic 
sulfonated polyanions have enhanced biological activity over their aliphatic counterparts 
(Tan et al., 1993). Watanabe and co-workers (1993) have demonstrated that LSA in 
aqueous solution binds to hydrophobic as well as hydrophilic surfaces, suggesting that 
LSA is able to undergo conformational rearrangement to avail its aromatic functionalities 
for binding. 

The specificity of bindin and suREJ proteins for their endogenous ligands is 
governed, at least in part, by ligand stereochemistry (DeAngelis and Glabe, 1990; 
Hirohashi et al., 2002a). It has been noted that sea urchin bindins are not related to any 
other proteins (Vacquier, 1998), yet the analogous sperm binding mechanism in 
mammals, zona pelucida - proacrosin binding, is inhibited by similar multivalent sulfated 
and sulfonated compounds (Howes et al, 2001). We have observed that LSA is capable 
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of inhibiting fertilization processes in unrelated echinoderm species and a marine worm 
Urechis caupo (unpublished results), as well as in mammals (Tollner et al., 2002). We 
have also observed developmental effects of LSA on echinoderm embryos as a result of 
specific binding to primary mesenchyme cells (unpublished results). Other investigators 
have reported that LSA inhibits specific extracellular processes such as coagulation 
(Loomis and Beyer, 1953), viral binding (Sorimachi et al., 1990), and cell growth and 
adhesion (Sorimachi, 1992). LSA has the plasticity to specifically bind to and inhibit 
receptor molecules with little or no sequence homology and that do not display effector 
cross reactivity. The biological processes that LSA has been observed to inhibit are 
consistently mediated by diverse sulfated polysaccharides. The ability of LSA to bind to 
receptors with divergent specificity for ligand architecture can be conceptualized in two 
ways. Either LSA's structure is so heterologous that it expresses multiple copies of many 
different binding-recognition elements or the structure of LSA allows enough 
conformational flexibility that sulfonate valences (and/or other binding-recognition 
elements) can assume the proper spatial orientation to fit in a variety of receptor types. 
These hypotheses have been proposed to explain the activity of other polyanions 
(Gestwicki et al., 2002; Kiessling et al., 2000; Letourneur et al., 1993). 

The potency of competitive polyanions to inhibit LSA-b binding to sperm cells 
parallels their ability to inhibit fertilization (Figures 3.3 and 3.4). Other competitive 
binding studies with sulfated polyanions have found similar parallels between 
competitive potency and in vivo activity (Belford et al., 1993; Brimacombe et al., 1999). 
PAS A is a better inhibitor of sea urchin fertilization and more potent at quenching LSA-b 
binding to sperm than is LSA. The reasons for differences in activity are not clear. 
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PASA may simply be more heavily sulfonated than LSA resulting in a higher valency. 
More likely, the reason lies in the way the sulfonate groups are distributed in PASA. 
Sulfonate groups on PASA may be distributed or positioned in such a way as to result in 
a better "fit" in receptor sites relative to LSA. They may better mimic the conformation 
of sulfate groups in 5. purpuratus egg jelly for example. PASA shares many of the same 
activities as LSA including anticoagulant, anti-viral (Tan et al., 1993), and contraceptive 
properties. As with LSA, other structural features of PASA may also contribute to its 
overall potency including structural flexibility, shell of hydration, availability of 
hydrophobic character, and over all three-dimensional architecture (Kiessling et al., 2000; 
Letourneur et al, 1993; Liekens et al., 1999). Many investigators have observed that the 
molecular size of a multivalent polymer is related to its biological activity (DeAngelis 
and Glabe, 1987; Parrish et al., 1989; Powis et al., 1992; Tan et al, 1993; Vocac and 
Alphin, 1968). In both AR and Al sperm, high concentrations of unlabeled LSA (>0.6 
mg/ml) inhibit LSA-b more effectively than high concentrations of PASA (Figure 3.3). 
PASA may compete with LSA more effectively at some receptors and less so at others as 
indicated by the shallower slope of the PASA competition curves compared to those of 
LSA. Alternatively, the PASA size fractions used may compete effectively against a 
certain fraction of LSA-b and less so against a remaining fraction. The reported 
molecular weight range for PASA is 9K to UK (Tan et al., 1993) whereas LSA ranges 
from 3K to greater than 300K. Larger LSA size fractions are more effective inhibitors of 
fertilization (Chapter 1). If affinity for the sperm surface correlates with increased 
inhibition then one would expect that the most inhibitory LSA fractions (>100K) would 
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have the highest affinity for sperm. The high MW LSA-b fractions would therefore be 
more recalcitrant to competition from PASA than smaller size fractions. 

While PASA and LSA share aromatic character, fucoidin lacks such hydrophobic 
functionalities suggesting that hydrophobic character (in addition to sulfonation) of 
polyanions plays a role in biological activity in the sea urchin as it does in HIV inhibition 
(Tan et al., 1993). The high concentrations of fucoidan required for any appreciable 
competition with LSA in AI sperm indicate that the observed effect may be due to mass- 
action rather than specific competition at receptors (Figure 3.3A). Alternatively, it may 
be that only a minor component of whole fucoidan is able to compete effectively with 
LSA at specific receptors. Fucoidan is a structurally variable sulfated fucan (Bilan et al., 
2002) and it is possible that a minor fraction shares a similar structural conformation as S. 
purpuratus fucose-sulfate polymer. 

Interestingly, PASA does not appear to have an enhanced affinity for AR sperm, 
unlike LSA (Figure 3.3). Given that PASA is not cytotoxic to sperm, very effective at 
inhibiting fertilization, and a potent competitor with LSA-b on sperm it is reasonable to 
hypothesize that PASA inhibition occurs prior to the acrosome reaction and likely 
involves inhibition of a REJ protein. Since fucoidan is known to be an effective inhibitor 
of bindin function but a poor contraceptive (Glabe et al., 1982), one can conclude that 
inhibition of fertilization in sea urchins is more effective when it is targeted prior to 
induction of the acrosome reaction. Since bindin is proximal to its ligand on the egg at 
the time of acrosome reaction and needs to hold a moving sperm, its rate of association 
would have to be very high. It is reasonable then that a high concentration of fucoidan 
must be used to see any reduction in fertilization since a sufficient concentration must be 
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available at the site of sperm-to-egg binding. LSA binds to sperm inhibiting both 
induction of the acrosome reaction and sperm-to-egg binding; however, a sufficient 
concentration of egg jelly can overcome LSA's inhibition of the acrosome reaction in at 
least a fraction of sperm (Figure 3.5). Conceptually, LSA can be carried on the sperm 
surface to the site of sperm-to-egg binding resulting in a locally high concentration of 
LSA. Assuming that the concentration of egg jelly is highest at the surface of the egg, 
and that egg jelly removes the same fraction of LSA from all sperm cells, any LSA that is 
remaining is available for interaction with bindin in the event that acrosome reaction 
occurs. Since LSA has an increased affinity for AR sperm it is plausible that inhibition 
of sperm-to-egg binding may contribute considerably to its overall potency as an inhibitor 
of fertilization. 

Sulfated and sulfonated polyanions represent a class of compounds with vastly 
different structures yet similar and specific biological activities. Generally these 
compounds can inhibit biological processes mediated by the interaction of sulfated 
polysaccharides with their receptors. While their general activity has been attributed to 
multivalency, aspects of their molecular architecture moderate their potency and efficacy 
in specific interactions. The analysis presented here has identified and characterized 
LSA's interaction with two specific receptors on the surface of sea urchin sperm. LSA's 
interactions with other receptors within its sperm-binding domain have yet to be 
characterized and further study may reveal insights to sperm cell biology and 
fertilization. LSA may prove to be very useful as a biological tool to investigate 
extracellular biological interactions or as a therapeutic agent in a variety of applications. 
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Given LSA's plasticity for receptor recognition, further investigation on its effects in 
different systems may unveil novel interactions. 
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Figure 3.1: LSA-b binding to S. purpuratus sperm cells (10 7 cells/ml), acrosome 
reacted (AR ) and intact (AI). Data is represented as total, specific 

and non-specific bound (NSB) LSA-b. Specific binding was calculated by subtracting 
NSB from total bound. The curve fits are interpolated between data points. 
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FIGURE 3.2: Time course showing the binding of LS A-b to live 5. purpuratus sperm 
cells (10 7 cells/ml) over 10 minutes. 
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Figure 3.3: (A) Increasing concentrations of competitor reduces the binding of LSA- 
b (0.1 mg/ml) to sperm cells. Regression lines were fit to the data according to the 
Hill equation: log[B/Bmax-B] = n H log[C] - logKd\ (B) Legend and summary of 
regression values. Key: LSA, lignosulfonic acid; PASA, polyanetholesulfonic acid; 
FDN, fucoidan; AI, acrosome intact; AR, acrosome reacted; IC 50 , concentration of 
competitor which inhibits binding of LSA-b by 50%; Kd', amalgamated affinity 
constant; ln H l, absolute value of slope (Hill coefficient); R 2 , regression coefficient. 
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Figure 3.4: Inhibition of fertilization by LSA binding competitors. At equivalent 
concentrations, PASA is a better inhibitor than LSA. A lOOx higher concentration of 
fucoidan only produces modest inhibition. 
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Figure 3.5: Con-specific (S. purpuratus) egg jelly inhibits LSA-b (0.1 mg/ml) 
binding to acrosome intact sperm cells at a biologically relevant concentration. 
Contra-specific egg jelly (L. anamesis) has no inhibitory effect on LSA-b binding nor 
does a high concentration of the fucose-sulfate polymer fucoidan. 
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Figure 3.6: Relative charge to mass ratios of LSA-b competitors. Competitors are 
ranked in order of decreasing potency from left to right. Charge density is not the key 
factor determining LSA/sperm binding. Charge to mass ratio for PASA was not 
calculated. 
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FIGURE 3.7: LSA selectively inhibits antibody binding. (A) Photomicrographs 
(fluorescent pseudo-color images overlaid on their DIC counterparts) indicating 
localization of antibodies on sperm, from left to right: anti-suREJ3 (red), anti-bindin 
(green, AR sperm), anti-350kD (blue). White arrows indicate specific binding to 
regions that co-localize with the binding of LSA-b. (B) LSA inhibits the binding of 
anti-suREJ3 and anti-bindin antibodies in AI and AR sperm (respectively). The 
binding of an antibody to a 350kD protein that localizes over the entire surface of the 
sperm cell is not inhibited. 
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